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Bi ochemi str>'
Purif ication and Characteri zat i on of A1pha-Ketog1utarate 
Dehydrogenase Complex from D:L ctyostel i urn di scoi deum
Director: Walter E. H i l l
An enzyme of the TCA cycle, alpha-ketoglutarate 
dehydrogenase complex <alpha-KGDC), was purif ied from the 
cel 1ular s i i  me mold, Di ctyosteliurn di scoi deum, and 
k inet i ca l1 y characterized. D. discoideum was harvested 
from trays of nutrient agar in O.SM sucrose. After 
disrupting the cells  with glassperlen beads, mitochondria 
were isolated and resuspended in a buffered solution. 
Alpha—KGDC was solubilized by disrupting the mitochondria 
by freezing and thawing and passage through a Yeda 
pressure ce l l ,  followed by centrifugation. The enzyme 
complex was further purif ied using protamine sulfate 
extraction and then u ltracentr ifugation, where the enzyme 
i s pel1eted. Total puri f i cati on was 113 fo ld . Usi ng th i s 
pelleted enzyme, the enzyme was characterized ; including 
pH optimum, temperature optimum, assay requi rements, and 
kinetic analysis. In i t ia l  velocity studies were done 
according to H.J. Fromm, where one substrate was varied 
around i t s  Km value, while the other two substrates were 
held constant at several concentrâti ons (around the ir  Km 
values) while being maintained at a constant ra t io .
Product inh ib it ion studies were also done for NADH and 
succinyl—CoA. Further character i zat i on included the 
determination of the effects of several metabolites 
including: ATP, AMP, GMP, GTP, UDP, UTP, cAMP, TCA cycle 
i ntermedi ates, and amino acids, upon th is  enzyme.
The pH optimum of th is  enzyme was 8.0 in Tricine buffer 
and the temperature optimum was 25^C. In i t ia l  velocity 
studies and product inh ib it ion  studies indicated that the 
reaction mechanism of alpha-KGDC is ordered sequential Ter 
Ter, a unique mechanism for th is  enzyme. Effector studies 
showed that the adenine nucleotides AMP and ATP e l ic i ted  
strong positive and negative e f fec ts , respectively . In 
addition, the nucleotides GMP, GTP, UDP, UTP, and a l l  TCA 
cycle intermediates tested, had s l igh t positive effects on 
enzyme a c t iv i ty ,  while a l l  amino acids tested and cAMP 
showed no effect on enzyme ac t iv i ty .
1 i
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INTRODUCTION
A. The t r  i c ar boxyl i c: acid (TCA) cycle in Di ct voetel i um 
d i j s c g i d e w n
The ce llu la r siime mold, Dictyostelium discoideum. 
provides a simple model of euearyoti c d if fe ren tia t ion  and 
development. I ts  l i f e  cycle (Figure 1) consists of two 
mutually exclusive phases; growth and d if fe ren tia t ion . As 
vegetative amoebae, Di ctyoste li um grows and multiplies 
inde f in i te ly  in the presence of a su f f ic ien t  food supply. 
However, upon depletion of nutrients, d if fe rent ia t ion  begins 
with amoebae aggregating in a cAMP-medi ated response. This 
is  followed by the formation of a fincjerlike structure called 
a pseudoplasmodium, which consists of thousands of partia lis ' 
d ifferentiated ce lls . Culmination then occurs and the f ina l 
sorocarp is  formed, has'ing two d is t inc t  cell types: 1) the
stalk ce lls , which eventually die, and 2) the spore cells 
which enter a state of dormancy, eventual 1 '/ dispersing and 
germinating, once again forming amoeba cells.
Since d if fe ren t ia t ion  begins at the onset of starvation, 
th is  organism is ent ire ly  dependent on i t s  endogenous 
reserves of protein, carbohydrate, RNA, and l ip id  to suppi'/ 
3.11 precursors for new materials, such as cellulose and
1
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trehal ose, and for the product :i on of energy over the 24 hour 
period of dlfferen11 at 1 on. During th is  period, however,
t o t  a :l c. a rboh y d r a t  e r e in a ;i n 'a c o n <=; t  a n t  a n d to t  a 1 l ip  i d c In a n gee 
re la t ive ly  l i t t l e  (45). Total protein, on the other hand, 
decreases by approx i mat el y 50% and a comparable amount, of 
ammonia is  released from th is  organism during differentl-atlon 
(45). Fi.trthermore, there is  no i ndicati on that carbohydratea 
are formed from amino aoids In any s ign if icant amount. Such 
evi d e n c ta ie; t  r o n g 1 y s t.t t;; g e s t  s; t  h a t , i n t  In i s m e t aboi i cal 1 y c 1 a s e d 
system, ami no acids, and thus protein, serve as the major 
source of en tar g y dur i ng di f f  tarent i at i on .
In Figure 2, the TCA cycle of Dlctyoste l1um is shown 
depicting a sc h tame basted on an amino acid analysis taf total 
protel ms In Dlctyostelium. The flow of carbon, or flux 
thrtai.igh the cycle, was id e ter mi ned by measuring the ox y g tan 
consumption of D. discoideum. This value amounted to 0.4 
mM./mi ni,ite at culmination (46). In ortder to maintain steady 
state levels of the cycle intermediates, the total flux of 
a mi n a a c i ids into the c y c 1 e m t.i ;r> t  h a v ta a n ta q t.i i v a 1 e n t  v a 1 t.t e. 
Therefore, in order to facter in the flow of amino acids 
tenter i ng thia cycle, th is  tota l f 1 t.tx vali.te is br ok tan d own inttc 
several f lux rates (values in parenthesis) representing the 
ami no aicitds enter i nt:; the t::ycle throutph the var iiat.ts (cycle 
1ntermed 1 a tes. These flux rates are based on the average 
pr otei n c tamp os i t  i on of )3 i c t  y o s t  e 1 i t.i m di scoi td ta t.t m c tails and th(a 
o/era ll  f lux rate of the cycle (further adjustments were made
3
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Fig ure  2: The t r i c a r b o x y l i c  acid cycle, incl udi ng amino
acid ca tabolism. The values in p a r e n th e s is  are fluxes 
e x p r es s ed  in m i l l i m o l e s  per minute. (Adapted from 46)
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Figure 3: The distribution of amino acids enterin t
tricarboxylic acid cycle.
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because some amino acids are precursors for more than one 
intermediate) . Thus;, as- s-hown in f igure 3 which predicts 
the d is tr ibut ion o f ami no aci ds en t  er i nq t  he cyc 1 e, t  Ine f  1 u; : 
of amine sac ids into the TCA cycle vis* f umar at se w i l l  be equal 
to the percent of the tota l amino acid composition 
represented by the amino acid precurssorss of fumarate (i.e. 
pheny1alani ne and tyrosi ne) t  i mes the to ta l f lux through the 
cycle <0.4mM/min.) .
When a system uses on 1 y amino acids as a source of TCA 
cycle 1n t  ermedi at es, a problem arises in that more amino 
acids are converted into 4 and 5 carbon intermediates than 
into acetyl-CoA. Therefore, in order for c i t ra te  synthase to 
operate and maintain steady state levels of the cycle 
i n termed i a t  es, flux of acetyl-CoA into the cycle must equal 
that of oxaloacetate. There is, then, a need for a pathway 
to convert so called "excess " 4 and 5 carbon amino aci d's into 
acetyl-CoA. Ctudies suggest that, in Di ctyostelium 
di scoi deum, mali c enzyme serves such a function by converting 
the 4 carbon cycle i ntermed i ate mal ate to pyruvate, which 
subsequently enters the cycle as acetyl-CoA via a reaction 
with the pyruvate dehydrogenase complex (46). Malic enzyme 
has been i sol a\ted and character i zed from th is  system.
Kinetic analysis showed that th is  enzyme is a l l  ester ic: and 
pos it ive ly  affected by both glutamate and aspartate.
In order to evaluate compartmentation of the TCA cycle 
metabolites in Di ctyosteli um di scoi deum, a mathmatical model
5
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was developed by Patrick Kelly, Joanne Kelleher, and Barbara 
Wright. ( 47, 48 ) . This model simulates i n v ivo metabolism 
undeîr steady state conditions ( i .e . under conditions in which 
met abo 1 i t.e concentr at i ons , a w e l  1 a ; n e t  abol i t.e f' 1 u:< i nt a 
and out of each metabolite pool, remains constant) and used 
the rates of entry of the amino acids into the cycle, the 
tota l cycle flu::, and the to ta l c on centr at i on s of the cycle 
i ntermedi a tes and related metabolites, as a basis for the 
model development (47,48). The amino acid f 1uxes and total 
cycle flu;-: were det e r f n i n e d as d e scr i bed above and t  h e 
c on c en t  r at i on s of the i ntermed i ates have also been determined 
(47). However, what was not known, prior to the development 
of th is  model, were the re la t ive  di s tr  i but i ons of metabolites 
in and out of the mitochondria. To assess these metabolite 
d istr ibutions and the flux rates between l ike  pools, tracer 
e:;peri merits were performed using non-per turbi ng levels of 
r adi oacti ve glutamate, aspartate, and alanine (47). Using 
11") e data obtained from th e s e t  r a cer e xpe r i m e n t  s, t  h e 
metabolite d is tr ibutions and the flux rates were predicted 
using a computer program called TFLUX, in which one attempts 
to simulate the tracer experiments by adjusting pool sizes 
and flu;-: rates ( 48, 61 ) . The TFLUX program requires the 
f'Oil owing input information: 1) a metabolic map, 2 ) the
specif ic radioact1v i t y of the tracer metabolite at t i  me-0, 3)
flu;-: through the cycle, 4) re la t ive  sizes of each pool and,
5 ) the •(• 1 uxes between 1 i l<e pooIs. The prografii then
6
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calculates the speci-fic r adi oac t  i. vi t  i es of a l l  metabolites 
represented in the map over time. These calculated values 
are then adjusted to match the specific rad ioac t iv i ty data 
from the tracer experi ments.
In contrast to th is  steady state s ituation, changes in 
respiration and intermediate concentrations do occur in 
Diet voste1ium disco i d eum over the course of d if fe rentia t ion  
(47). Oxygen consumption decreases by 42% between 
aggregat i on and preculmination stages and remains constant up 
un t i l  sorocarp formation (47). On the other hand, a l l  the 
intermediates examined increased in concentrâtion over the 
course of di f f erenti ati on , predomi natel y between thc? 
precul mi nation and sorocarp stages (47). A transit ion model 
can be used to study the TCA cycle in vivo, over longer 
pcariods of time in which steady state condition no longer 
prevai 1 ( i.e . over ai period of di f f erenti at i on ) . Therefore,
changes in metabolite concentrations and cycle flux must be 
accounted fo r . Simulation of a\ transit ion period is done 
using a computer program called METASIM, which employs not 
only the compartmen ta t i on datai from the steaidy state model 
but the mechanisms and the kinetic constants of the enzymes 
i n v o l v e d .
A transit ion model of the TCA cycle in Dietvostelium is 
currently being developed. Most of the enzymes associated 
with the cycle have been isolated from th is  system and 
kineticaxlly examined. These include glutamate dehydrogenase
7
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(49), c i t ra te  synthase (50), aspartate and alanine 
transami nases (unpublished data), mal ate dehydragenase (51) „ 
isoc itra te  dehydrogenase (52), pyruvate dehydrogenase comple:: 
(53), and malic enzyme (46). For modeling to begin, two 
additional enzymes need to be k i net i ca l1 y characterized so 
that the ir  rate equations can be used in the model. These 
enzymes are succinate dehydrogenase, which is presently being 
i nvest i gated, and alpha-ketoglutarate dehydrogenase compi ex 
(alpha-KGDC). Once a l l  the enzymes have been character iced, 
th is transit ion model can be completed, allowing one to study 
i n yivQ energy metabolism over a period in which th is  
organism is  in metabolic trans it ion ( i.e . such as during 
d i f fe re n t ia t io n ) . On a larger scale the transit ion model of 
the TCA cycle may be integrated with similar models of 
carbohydrate metabolism , which have already been studied in 
pi ctyoste li um (54), and the pentose cycle, which is presently 
being developed in th is  system. The major text of th is  paper 
describes the purif ica tion and the kinetic characterization 
of alpha-KGDC from D i ct vost elium d i scoid eum for subsequent 
use in th is  transit ion model of the TCA cycle.
B. Alpha-Ketog1utarate dehydrogenase complex
Al pha -keto g 1 utarate (d e hydrogenase comple;-' (al ph a -  KGDC )
8
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in a multi enzyme compl ex which c:atalyze« the oxidative 
decarboxylati on of alpha-ketoglutarate to succi nyl-CoA as an 
integral part of the tricarboxy1ic acid (TCA) cycle. In 
animal and plant ce lls , th is  enzyme, along with the other 
enzymes of the TCA cycle, is located in the matrix of the 
mitochondria. I ts  substrate, alpha-ketoglutarate (alpha-KG), 
an alpha-keto dicarboxylic acid, forms two substrate pools, 
an intramitochondrial and an ex trami tochondri al pool. In 
some instances, these pools are related through the 
malate-aspartate shuttle, a bidirectional shuttle which 
transports electrons from extramitochondrial NADH into the 
mitochondria and visa versa. In th is  shuttle, alpha-KG is 
generated by aspartate transaminase and is then transferred 
through the membrane by the alpha-ketoglutarate-malate 
carrier. Alpha-KG is also formed by transamination reactions 
during amino acid synthesis and by oxidative deamination of 
glutamic acid by glutamic acid dehydrogenase. In addition, 
th is  dicarboxylic acid is  an important intermediate of the 
TCA cycle, where i t  is generated by the oxidative 
decarboxylati on of isoc itra te  by isoc itra te  dehydrogenase.
As an intermediate of th is  cycle, alpha-KG is oxidized and 
decarboxylated in a reaction catalyzed by alpha-KGDC, which 
u t i l iz e s  both NAD and CoA as cosubstrates.
This enzyme complex catalyzes a reaction requiring three 
substrates and results in the formation of three products as 
follows:
9
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alpha-KG + CoA + NAD-̂  -----------
succinyl-CoA + COi; + NADH + H* (1)
In addition to these three substrates, th is reaction 
also requires three prosthetic groups; thiamine pyrophosphate 
CTPP) , f lav in  adenine di nucl eoti de (FAD) and l ipo ic  acid, 3!=; 
well as a divalent cation. Under in v i t ro  conditions, the 
divalent cation requirement is  generally satisfied by Mg®’*', 
Ca®’*', or Mn®"*" . This reaction is analogous to that catalysed 
by a similar enzyme complex, the pyruvate dehydrogenase 
comp1 ex, which has been studied in great deta il.  Together 
these enzyme complexes represent the main pathway of 
alpha-keto acid oxidation in animal tissue.
Alpha-ketoglutarate dehydrogenase complex has been 
purified from many d if fe rent systems including: pig heart
(1), ox heart (2), bovine ki dney (3), pigeon breast (4), 
cauliflower (5), Acinetobacter iwoff i (6), Acetobacter 
Xvl i num (7), and Eschericia coli (S). This enzyme complex 
consists of three individual enzymes which have been isolated 
from in tact alpha-KGD complexes from several systems 
(9,7,10,11,12,13,14). Characterization of each of these 
individual enzymes and reconstitution of the complex has 
yielded much information about the roles of the individual 
enzymes and the structure of the complex (11,12,13).
Together these component enzymes catalyze the overall 
reaction described above (reaction 1). The roles of the
10
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component enzymes have been studied extensi vely by L.J. Reed 
and others, who enventual1 y unraveled the details of the 
ca ta ly t ic  mechanism (10,11,15,16,17,18). The sequence of 
reactions catalyzed by al pha-KGDC is  (given below, with the 
roles of the individual enzymes (E1,E2,E3) and their 
prosthetic groups (TPP, Lipoic acid, FAD) indicated.
HOaC (CHz)œCÜCOOH + TPP-El--------------►
[HO2 C(CHz)aCH(OH)-TPP]-El + CO2  (2)
CH02C<CHa) 2CH(0H)-TPP3-E1 + (LipSi..)-E2 
CHÜ2C(CHa)2CO-SLipSH:-E2 + TPP-El (3)
CHOaC (CHs;) aCQ—SLi p8Hl—E2 + HSCoA--------------►
(Lip (SHa) ) -E2 + HOaC(CHa)aCO-S[:oA (4)
(Lip(SHa)>-E2 + E3-FAD ---------------► (LipSa)-E2 + E3-FADH= (5)
E3-FADHa + NAD"̂  ►E3-FAD + NADH + (6)
1 1
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The -first of the component enzymes to react in th is  
sequence is the al pha—ketcDg 1 utarate dehydrogenase <E1), which 
catalyzes the decarboxyl ation of alpha-KG to yield COa and an 
alpha-hydroxybutaryl deri yati ve of the thiazole ring of TPP.
I E. co 1 i and pig heart complexes, the molecular weights of 
th is  enzyme component are 190,000 and 216,000 respectively' 
(14,19). Other evidence suggests that El may exist as two 
similar subunits ( i .e . a dimer) (19). However, in 
Acetobactcjr xvlinum the active El is a tetramer with a 
molecular weight of 360,000 (20). Studies on El from pig 
heart indicate that there is one molecule of protein bound 
TPP per mole of El (19). Additionally, i t  has been proposed 
by Perry A. Frey and coworkers that the alpha-KGDC purif ied
from E. coli is  a hybrid complex containing both the El
component of the pyruvate dehydrogenase complex (about 10%) 
and the El component from alpha-KGDC (about 90%) (9).
The next enzyme which reacts in the above reaction 
series is  the dihydrol ipoyl transsuccinylase (E2). This 
enzyme plays not only a cata lyt ic  role in the complex but a 
structural role as well. I ts  cata l '/ t ic  role involves the 
generation of succinyl from the E1-TPP bound
alpha-hydroxybutaryl derivative and the transfer of sueci nyl 
to CoA with the subsequent reduction of the covalently bound 
l ipo ic  acid moieties and release of succinyl-CoA (21). In 
c o l i . the molecular weight of th is  enzyme component is 
approximately 1,000,000 (14) and consists of 24 similar
12
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subuni t s , each with a molecular weight around 40,000 (21,22)- 
Of these 24 similar polypeptides, a l l  contain covalently 
bcDund l ipo ic  acid (14). Proteolytic studies of th is  complex 
in E. coli have indicated that the E2 core has two domains:
1) a compact domain containing subunit binding sites for El 
and £3, and 2) a domain containing a cata lyt ic  s ite  for 
transsuccinylati on which also confers quaternary structure on 
th is  core (23). Thus, the £2 core has a cata ly t ic  role of 
transferring succinyl to CoA and a structural role which 
includes the induction of quaternary structure on the complex 
and supplication of binding sites for the El and E3 
components.
The l ipo ic  acid moieties of E2 are required for the 
Qxidation of alpha—KG and the ir  role in catalysis has been 
studied extensively (16). The ca ta ly t ica l1 y active l ipo ic  
acid is  bound covalently to protein through an epsilon amino 
group of lysine (16). Release of l ipo ic  acid moieties from 
the complex with trypsin leaves a highly structured complex 
implying that the l ipo ic  acid moieties are physically exposed
(25) . FI our esc en t  polarization studies with the £_. col i
alpha-KGDC yields data indicating that motions of the lipoic: 
acid moieties are consistant with the moieties dissociating 
from and rotating between substrate binding sites on the 
complex (24). There also exists i ntramolecular mobility 
within the complex having had the l ipo ic  acid moi e t i es 
removed. This motion is thought to be inherent in the £2
13
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core (25). In addition, the distances between cata lyt ic  
si tes are consistant with such a cata ly t i  c cycle in which 
l ipo ic  acid moieties rotate between cata ly t ic  sites (22).
The th ird  enzyme, dihydrolipoyl dehydrogenase CE3) , 
reoMidizes the d i th io l  form of l ipo ic  acid by transferring 
i ts  hydrogen atoms to FAD forming FADHx-, as indicated in 
reaction 5. This dimeric flavoprotein has a molecular weight 
of 112,000 in E. coli (14,22) and exists as a stable dimer in 
solution (26). The amount of protein bound FAD in E. coli  is  
12 moles FAD/mole complex (22,23) but only 8 are needed for 
f u l l  a c t iv i ty  of the complex (22). Once the f lav in  group is  
reduced to FADHa, i t  is  reoxidized by donating i t s  hydrogen 
atoms to NAD (reaction 6). In £. c o l i . the E3 component of 
pyruvate dehydrogenase complex is  the same as the E3 
component of alpha-KGDC and is  made in s ign if icant excess of 
i ts  stoichiometric demand from the two complexes (27,28). I t  
has been suggested that catalysis in alpha-KGDC is 
accompanied by a conformational change in the E3 component 
(23,24).
In E. c o l i . the cube—shaped structural core of the 
complex is  made of 24 £2 subunits having octahedral symmetry/ 
to which 12 El components (6 dimers) and 12 E3 components (6 
dimers) are noncovalent1 y bound (29). Therefore the 
structural stoi chi ometry is 12 El : 24 E2:12 E3 (14,30) 
yielding a complex having a sedimentation coeficient of 
40S and a molecular weight of 2.5 x 10^
14
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
(14,15,29,30). Recent evidence suggests that the binding of 
El and E3 dimers to the E2 core occurs through a random 
selection of potential binding sites. This indicates a kind 
of structural heterogenei ty for alpha-KGDC which, therefore, 
would not have a unique quaternary structure (29).
The most popular model of catalysis for th is  enzyme 
complex is  one in which the 1i poyl moieties pi ay a c r i t ic a l  
role by rotating between cata ly t ic  sites on the complex and 
therefore connecting the ca ta ly t ic  cycle. This model was 
f i r s t  proposed in 1963 by M. Koike, L.J. Reed and W.R. Carrol 
and included the ex i stance of a f le x ib le  arm on which the 
l ipo ic  acids reside (17). The reactive d i th i  olane ring of 
l ipo ic  acid rotates between 1) the TPP—bound
alpha-ketobutaryl derivative of El, where i t  is succi nylated 
and reduced, 2) the s ite  of succinyl transfer to CoA on E2, 
where succi nyl-CoA is  formed and l ipo ic  acid is fu l ly  
reduced, and 3) the s ite  of FAD reduction on E3, in order to 
complete the ca ta ly t ic  cycle (17). More recent experiments 
using flourescent resonance energy transfer, in order to 
determine the distance between cata ly t ic  sites, and using 
time dependent anisotropy, to study l ipo ic  acid mobility, 
have provided data consistant with a model in which a single 
l ipo ic  acid rotates between cata ly t ic  s ites (22,24). No 
evidence however exists for appreciable motion of a protein 
arm (24).
Several types of kinetics are e l ic i ted  by the alpha-KGDC
15
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in the various systems studied. Sigmoidal curves for the 
ccDncentr at i on of alpha-KG versus in i t i a l  velocity were 
observed for the alpha-KGDC from the gram negative bacterias 
Acetobacter xvlinum <7,20). H i l l  plots of the same data 
revealed H i l l  coeff ic ients equal to 2.0, thus indicating 
positive coopérâti v i t y . Such positive coopérât i vi ty was 
influenced by the presence of the adenine nucleotide AMP, 
which caused the sigmoidal response curve to become 
hyperbolic (7). This coopérâtiv i t y  was not only AMP 
sensitive but was also influenced by pH. Decreasing the pH 
from S.O to 6.5 decreased the apparent cooperative substrate 
interactions and diminished the influence of AMP (30).
Studies done on the individual enzyme components of this; 
complex revealed that the a l los te r ic  effects seen in the 
complex were inherent in the El component, while the E2 an(i 
E3 components showed only Michaeli s—Menten kinetics ( i.e. a 
hyperboli c relationship between substrate concentrâtion and 
i n i t i a l  velocity) (30). In contrast, alpha-KGDC isolated 
from bovine kidney exhibited negative cooperativity with H i l l  
coeffic ients less than 1.0 (31). This bovine kidney complex 
was posit ive ly affected by ADP and inorganic phosphate, which 
decreased the So.a for alpha-KG, and was negatively affected 
by ATP and GTP, which increased the So. m for alpha-KG (31). 
The kinetics of th is  bovine complex were further complicated 
by the interactions of Ca^— with the El subunits (31). This 
divalent cation activated alpha—KGDC not only by decreasing
16
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SS0.85 for alpha-KG but by decreasing the inh ib it ion on th is  
complex e l ic i ted  by i t s  product, MADH (31,32,33). In 
alpha-KGDC from the pigeon thoracic muscle, i n i t i a l  velocity 
versus alpha-KG concentrât :l on curves contained i n termed! ate 
plateaus which were emulated by the isolated El subunit 
(34,35). These plateaus were attributed to an 
association-dissociation process occurring with the El 
components. Sigmoidal k inetics for velocity versus the 
concentration of NAD were observed for th is  complex.
Addi t i  onal1 y, ADP activated th is  complex by decreasing NADH 
inh ib it ion ; effects which were attributed to the El 
component (34,35).
In contrast to these more complicated in i t i a l  velocity 
versus substrate concentration curves, complexes from pigeon 
breast muscle (36), pig heart (37,38), cauliflower (5), and 
Aspergj11 us ni per (26) a l l  e l ic i ted  Mi chaelis- Men t  en type 
kinetics. Like the more k ine t ica lly  complicated complexes 
discussed above, these too were affected by the adenine 
nucleotides. AMP and or ADP e l ic i ted  positive effects by 
decreasing the Km for alpha-KG and NADH inh ib it ion 
(6,39,40), while ATP negatively effected a1pha-KGDC by 
increasing the Km for alpha-KG (40). An exception was 
observed in the enzyme complex from Aspergill is n icer, which 
is  not effected by the adenine nucleotides AMP and ADP (26). 
As was seen in the bovine kidney complex, the rat heart and 
pig heart alpha-KGDCs were posit ive ly  affected by the
17
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presence of which decreased the Km for al pha-KG
(40,41,42).
As another c r i t ic a l  parameter in controll ing the 
a c t iv i ty  of th is  enzyme complex in several systems, pH is 
known to have influenced the Km for alpha-KG (6,40). In A. 
i w o f f i , the apparent Km for alpha—KG increased with 
increasing pH from 6.5 to 9.5 (6). In addition, the pH 
optimum range broadens when AMF=' was present. In the ox heart 
complex, the Km (alpha-KG) decreased with decreasing pH from 
7.4 to 6.6 (40). Some additional effectors known to have 
negatively influenced the a c t iv i ty  of alpha-KGDC are the 
monovalent cations Na*", NH.»-*,K* and the TCA cycle
intermediates succinate, ox aloacetate, and c is-aconitate
(26) .
Km values for the substrates of alpha-KGDC have been 
established in a few systems. The Kms for the substrates of 
pig heart (37,43,59), pigeon breast (36), and Aspergi11 us 
ni per (26) enzyme complexes are l is ted in Table I. These 
values were not necessarily obtained under identical assay 
conditions or by the same analytical methods. As revealed in 
the table, the Km values d i f fe r  even among enzyme isolated 
from the same system.
Product inh ib it ion  by NADH was common 1 y observed in 
alpha-KGDC (32,33,34,36,41,43,44) and was generally found to 
be’ either competitive or noncompetitive with respect to 
either NAD or alpha-KG. In Aci netqbacter i wof f i , NADt̂ -l
18
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Km (mM) and ^ (mM) Values for Substrates of Alpha-KGDC from Various Systems
System alpha-KG
Km
CoA
Km
NAD
Km
alpha-KG
^ 0.5
CoA
S0.5
NAD
S0.5
ref
CD
Q .
“D
CD
C/)
C/)
Pigeon
Breast 0.15
Muscle
Pig Heart
Pig Heart
Pig Heart 0.22
Pig Heart 0.013
Aspergillus 
niger 0.4
0.014
0.0027
0.025
<10'^
0.02
0.12
0.0021
0.05
0.0045
0.25
0 . 2 0.0035 0.05
36
4 3 , 4 4
37
38 
59
26
19
inh ib it ion  was noncompetitive with respect to alpha-KG only 
at law concentrât i ons of NAD, while at high concentrât :i one of 
NAD, NADH inh ib it ion  was competitive <6). Succinyl-CoA was 
also a product .inhibitor in many s'/stems where i t  was 
competitive with respect to CoA <7,36,41,42,43,44).
Ob'/iousl y , the control of al pha-KGDC is somewhat 
complicated. A1pha-KGDC is regulated not only by the 
concentrâtions of substrates and products present but also b'/ 
the adenine nucleotides. Thus the energy charge of the cell 
ma/ also play a c r i t ic a l  role in regulation of alpha-KGDC.
At a high energy charge, the tendency would be to inh ib i t  
th is  enzyme complex, while the opposite is  true for a low 
energy level in the ce l l .  The substrate alpha-KG, as a 
branch point metabolite, is  generated by : 1) i soc i trate
deîhydrogenase during oxidative metabolism of fats and 
carbohydrates; 2) by glutamic acid dehydrogenase during
oxidative deamination of amino acids; 3) by transamination 
and 4) as part of the mal ate-aspartate shuttle. I t  seems 
l ike ly ,  therefore, that the oxidation of th is  metabolite 
would be under control independently of the preceeding steps 
of the TCA cycle. Generally speaking, then, the energy state 
of the ce l l ,  reflected b'/ both the NADH ox i dati on-reduction 
state and the nucleotide phosphate potential (and in 
mammalian complexes also the effector Câ '"') help control the 
oxidative decarboxy!ation of alpha-KG b/ regulating 
alpha-KGDC ac t iv i ty .
20
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The kinetic mechanism of th is  enzyme complex, as 
determined by in i t i a l  velocity studies, can be general 1 '/ 
described as ping pong. This implies that the addition of at 
least one substrate is followed by the release of a product 
before another substrate adds (26,36,37,38,42). As expected, 
th is  complex has shown an analogous mechanism to the similar 
pyruvate dehydrogenase complex. The mechanism is either hexa 
uni ping pong or three s ite  ping pong, as was observed for 
alpha-KGDC from Aspergillus niger (26) and pig heart (38), 
and proposed for the pigeon breast muscle complex (36). This 
implies that after the addition of each substrate a product 
is released. However, a similar study done also on pig heart 
gave somewhat confl ic t ing  results in which only alpha-KG is 
considered ping pong in nature, while the binding of NAD, CoA 
and the release of succinyl-CoA is random (37). The 
difference in these mechanisms was also reflected in the 
product inh ib it ion  patterns of NADH, which should be 
competitive with respect to NAD in a hexa uni ping pong or 
the three s ite  ping pong mechanism. However, with th is 
la t te r  mechanism, the inh ib it ion  was noncompetitive. As w i l l  
be shown in the main text of th is  paper, the kinetic 
mechanism of alpha-KGDC from D. d iscoideum is unique as 
compared to those from other systems.
The research (described in th is  paper involves the 
isolation and characterization of a1pha-KGDC from 
Diet y (3 ste 1 i i.i m dis c o i d e m. Techniques used in purifying th(5
21
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enzyme complex include; the isolation of mitochondria, 
protamine sulfate extraction, and u ltracentr ifugation. The 
tota l pur i f ica tion  was 113 fold. Assay conditions were 
optimized f o r a 1 p h a -  K: GDC a c t i v i t  v a n d t  h e e n z '/ r n e w a s 
k ine t ica l ly  examined in order to determine i t s  reaction 
mechanism and kinetic constants. In i t ia l  velocity and 
product inh ib it ion studies indicated that the reaction 
mechanism of alpha-KGDC from D. di scoi deum is an ordered 
sequential Ter Ter, a unique reaction mechanism for th is 
enzyme complex. Effector studies suggest that th is 
Dictyosteli urn enzyme, l ike  those from other systems, is 
regulated by the phosphory1ati on state of the adenine 
nucleotides, and thus the energy state of the ce l l .  In 
addition, TCA cycle i ntermed!ates, GMP, GTP, UDP, and DTP 
effected enzyme ac t iv i ty .  The information obtained from th is  
study w i l l  be used in the development of a transit.ion model 
of the TCA cycle in Dictyosteliurn discoideum.
22
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I I .  Methods and Materials.
A. Materials.
Nicotinamide adenine dinucleotide (NAD), Coenzyme A 
(CoA; 1ithiurn sa l t ) ,  thiamine pvrophasphate (TPP), 
cysteine-hydrochloride (Cys-HCl), alpha-ketoglutarate 
(alpha-KG; monapatassi urn sa l t ) ,  di th i othrei to l <DTT> ,
N-alpha-p-tosy1 —L-1ysi ne ch1 oromethy1 ketone (TLCK), 
protamine sulfate, bovi ne serum albumin (BSA),adenosine 
triphosphate (ATP), adenosine monophosphate (AMP), uridine 
triphosphate (UTP) , uridine di phosphate (UDP), guanosi ne 
triphosphate (GTP), guanosi ne monophosphate (GMP), TCA cycle 
intermed!ates, amino acids, nicotinamide adenine 
dinucelotide, reduced form (NADH), glutamic acid 
dehydrogenase (E.C.1.4. 1.3), p-i odoni t ro te trazo li  urn v io le t 
( INT v io le t) ,  phenazine methosulfate (PMS), 
al pha-D (■+• ) ~gl ucose, Coomassi e b r i l l i a n t  blue G, sucrose., 
TEMED, Tricine, Bis-Tris Propane,and Tr i z ma base were 
purchased from Sigma Chemical Company. Potassium phosphate 
(KPi) , phosphoric acid (85%), magnesium sulfate, 
beta-mercaptoethanol, ammonui urn persulfate, and EDTA 
(disodium salt) were a l l  purchased from J. T. Bak:er Chemical 
Company'. Sodium dodecyl sulfate (SOS), aery 1 ami de, and Bis 
(N,N’ -methylene-bis-acrylami de) were a l l  purchased from
23
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B:i o-RAD 1 ab or atari ess . Agar , peptone, and yeast extract were 
purchased from United States Biochemical Corporation.
Glycerol is  from EM Science, Coomassi e blue R250 frcjm 
Canalco, Inc., ethanol <200 proof) is from U.S. Industrial 
Chemical Company, glacial acetic acid is from Ashland 
reagents, and Glasperlen beads <0.25-0.30mm) were purchased 
from Braun Mel sungen AG.
All solutions were prepared using deionised water unless 
otherwi se noted. In addition, a l l  solutions were used within 
two weeks of when they were made, except the substrates and 
effectors used in kinetic studies; these were made fresh 
before use in an experiment.
B. Methods.
Organism and culture conditions. The ce llu lar slime 
mold Dictyostel iurn discoideum NC4 (ATCC 24697) was grown in 
the presence of Escherichia coli on solid media containing 
the fallowing: 0. IX w/v yeast extract, 1 . OX w/v glucose, 1. C’
% w/v peptone, O, IX w/v magnessium sul f ate*7Hs:D, 0.096X w/v 
KaHPÔ , 0.146% w/v KH^PO*, and 2,0% w/v agar. The media was 
autoclaved and poured into covered aluminum pans <15-1/2" x 
11-1/4" X 1") and spread with an inoculum of a suspension of 
Spores in a four hour culture of E.c o l i . This was incubated 
at 23‘*C for approximately 48 hours. After most of the
24
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bacteria had been phagocyt i zed, aggregati ng amoebae were 
harvested in O. 5M sucrose. The remaining bacteria were 
removed by di f  f erenti a.l centr i f uqati on .
Standard enzyme assay. The a c t iv i ty  of alpha-KGDC was 
measured by monitoring the formation of NADH at 340 
nanometers (nm) and 25°C on a Gilford Model 250 recording 
spectrophotometer. The standard assay contained GOmM 
Tri cine-KOH (pH 8.0), 0. 2mM TPP, 1 . Omii MgCl O.lmM CoA,
2.5mM Cys-HCl, 2 .5mM NAD, 2.OmM alpha-KG, and 10-50 
ffi icroliters (u l) of enzyme (0.9-995.0 micrograms (ug) of 
protein per 1.0 m i l l i l i t e r  (ml) assay) in a tota l volume of
1.0 ml. Assays used to determine enzyme ac t iv i ty  in the 
whole cell 1 ysate (puri f i  cati on fraction I; see Table I I I ) ,  
mi tochondr i a (pur 1f ica t ion  fraction I I ) ,  or the second yeda 
supernatant (fraction I I I )  also contained 0.1% v/v Triton 
X-100. The reaction was started by adding 20 ul of alpha-KG 
(O.IM), except when the actvi ty of fraction IV was being 
assayed. In th is  case the enzyme was added last, because of 
the in s ta b i l i t y  of the enzyme in the reaction mixture over 
time. One unit of ac t iv i ty ,  based on i n i t i a l  enzyme rate, 
is defined as 1 umole of NAD reduced per minute at 25'=̂C ■ 
Units per milligram (mg) of protein defines specific 
ac t iv i ty .  The extinction coeff ic ient of NADH is 6.22 x 
10'‘1 iters/mole x cm.
25
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Assays for in terfer ing enzymes. a) Glutamic acid 
dehydrogenase. The act :l v:l t  y of gl ut ami c acid deh ydrogen<ase 
was measured by monitoring either: 1) the formation of NADH
34u nm and 25®C in an assay containing SOmM Tricine—KOH 
( S . C' ) , 3 . OmM NAD, 10 . OmM g 1 utami c ac i d and 1 (!>-1 0u 1 of en z ytne
in a to ta l volume of 1.0ml, or 2) the disappearance of NADH 
at 340nm in an assay containing 80mM Tricine-KOH ( EK O),
0.05mM NADH, 2 .OmM alpha—KG and 10—lOOul of enzyme in a total 
volume of 1 . 0ml . Triton :;-10O was used as in the standard 
enzyme assay. Either alpha-KG or glutamic acid was used to 
start the reaction. b) NADH oxidase. The ac t iv i ty  of NADH 
o::idase was monitored by measuring the dissappearance of NADH 
at 340nm and 25®C. The assay contained SOmM Tricine—KOH 
(S.O), O.lmM NADH and 10—lOOul of enzyme preparation in a 
to ta l volume of 1.0ml. NADH was used to start the reaction. 
Triton x-100 was used according to the standard enzyme assay.
Assay for alpha-KGDC in crude preparations. In order to 
measure alpha—KGDC a c t iv i ty  in preparations containing 
potentia lly  in terfer ing enzymes which u t i l i z e  NADH, a c t iv i ty  
was monitored using an assay which couples NADH production tc 
the reduction of the dye p —i odoni t ro te t r  azoli urn v io le t (INT 
v io le t)  as described by Hinman and Blass (55). This coupling 
employs the i nt eermed i at e electron carrier phenazine 
methosulfate (PMS). The transfer of reducing equivalents: to 
the dye is rapid and i r revers!ble, thus removing possible
26
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.1 nter-F erence by NADH ut :l .1 ;L ;L ng enzymes . D:i ap h erase
(1i poami de dehydrogenase, E.C. 1.6.4.3.) can also be used as
an e 1 ec t  r on carr i er . Alph a--1<:(;iDC ac t  :L '/i t  y i n whio 1 e se 11 
lysates and mitochondria was measured by monitoring the 
absorption change at SOOnm and 25®C. The assay contained 
SOmM Tr i cine-KOH <8.0) , 0.2mM TPP, 1. OmM MgCl O.lmM CoA, 
0.3mM Cys-HCl, 2.OmM alpha-KG, 0.1% v/v Triton x-100, 2.5mM
MAD, 6.5 micromolar <uM) PMS, 0.6mM INT and 20-5Oui of enzyme 
preparation in a to ta l volume of 1.0ml. Enzyme a c t iv i ty  was: 
measured by taking the difference in the change in absorbance 
per minute between assays with and without alpha-KG. The
extinction coeff ic ient of INT is 12.4 x 10== li, ters/mole x cm.
Protein determi nati on. Protein quantitation was done by 
the method of Marion Bradford (56) using bovine serum albumin 
(BSA) as a standard. The f ina l concentrâtions in the protein 
reagent were 0.01 % w/v Coomassie b r i l l i a n t  blue 6-250, 9.4*/. 
\'/v ethanol , and 8.5% v/v phosphoric acid. Protein samples 
were diluted in water up to a tota l volume of 0.1 ml having 
protein concentrât!ons ranging from 0.05 mg/ml to 0.5 mg/ml. 
To th is  0.1 ml, 5.0 ml of protein reagent was added and the 
absorbance read at 595 nm within one hour after the reagent 
was added. Unknown samples were compared against a standard 
curve of BSA.
8D8-PAGE. Proteins from each purif ica tion stage
27
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( f r act i on s I - V i n T a b 1 s I I I )  w e r e a n a 1 '/ze d i.i s i n q 
SDS-pol yac:ryl ami de gel el ectrophoresi e (SDS-PAGE) as 
described by Laemml :i (57) . Samples containing approxi mat el 
4-40 mi orograms (ug) of protein were resuspended in 40 ul of 
sample buffer containing 2.07. SDS„ 4.07. beta-mercaptoethanol , 
107. gycerol , 0.0625M Tris-HCl (6.8) , and '0.0017. w/v 
bromophenol blue, bailed for 2 minutes and centrifuged in a 
Beckman Microfuge 11. The samples were then loaded into 
lanes of <a 5.(07. stacking gel. The stacking gel consi sted of 
0.12M Tris-HCl (6.8), 0.002M EDTA, 0.057. v/v TEMED, 0.177. w/v 
ammon i um persulfate, 5.07. w/v acrlylamide, and 0. 133% E<is.
The separating gel was 12.57. w/v acrylamide, 0.337. w/v Bis, 
0.375M Tris-HCl (8.8), 0.002M EDTA, 0.57. TEMED, and 0.17, 
ammonium persulfate. The protein samples were 
el ectrophor esed for about 1 hour at 35 volts an (i 3 hours at.
85 volts in an el ec trop h ores i s buffer of 0.17. w/v SDS, 0.025M 
Tris base, and (I). 192M glycine. Aft(er the dye l ine had reachi 
the end of the ge l, the gel was removed from the slab and 
stained with 0.257. w/v Coomassi e b r i l l i a n t  blu(5 R250 in 
methanol-glacial acetic aci d-water (5: 1:5) for 1 hour and 
d (2 s t  a i n e d in an a q u (s ou. s s o 1 u t  i a n c o n t  a i n i n g 7 . 5 7. v / v (j 1 a c i a 1 
acetic acid and 5.07. v/v methanol . The gel was kept undried 
in a <seal(2 (i cel 1 ophane wrap.
Quantitation of alpha-KG. Glutamic acid dehydrogenase 
(L-gl utami c acid: NAD (P) o;< i doreduc tase, deami nati on , E,C,.
28
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1.4. 1.3; Sigma Chemical Ccd.) was used tcD c;uant i f y alpha-KG 
for stoi chi ometry determi nati on. NADH ox i dati on was measured 
at 340nm and 25"̂ C as previously described (58) . Alpha-KG was 
assayed by measuring the to ta l absorbance change at 340 nm on 
a Perkin-Elmer Lambda 3A UV/visible spectrophotometer at 
25*̂ 0. The assay contained 4OmM ami dazol e-ac:etate (6.9), 25mM 
ammoni um acetate, 0 . ImM ADP, 0. 15mM NADH, 0.037 units of 
glutamic acid dehydrogenase, and 4.0—14.0 nanomoles (nmol es) 
of alpha-KG in a to ta l volume of O.75 ml. Reaction mixtures 
void on 1 y of enzyme were monitored for absorbance changes for 
6 minutes. The reaction was then in i t ia ted  by the addition 
of g 1utamic acid dehydrogenase and the tota l absorbance 
change determined after 6 minutes, or when the reaction was 
complete. The amount of alpha-KG in un lin own samples was 
determi ned using a standard curve of rxsnomoles of alpha-KG 
versus to ta l absorbance change. The concentration of 
alpl'ia-KG is calculated from the decrease in optical density 
corrected for any change in a blank ( i.e . reaction void of 
alpha—KG). An internal control of- 10 nanomoles of alpha-KG 
was used to determine i f  any inh ib it ion was present in the 
a s s a y .
8toi chi ometr y of alpha-KG. The standard alpha-KGDC 
assay, using a to ta l of 100 nmoles of alpha-KG, was allowed 
to proceed for 2 minutes and stopped by adding 20 ul of 85% 
phosphor! c acid. This was fallowed by neutr al i zati on with 1 ')8
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u]. of 30% w/v KOH. The amount of NADH produced was determined 
by the to ta l absorbance change observed at 340nm. Port!ons 
of the neutralized reaction mixture were measured for the ir 
alpha-KG con tent using the glutamic acid dehydrogenase aissa',' 
described above. A standard curve of nanomoles of alpha-KG 
versus the total absorbance change was constructed b'/ 
assaying portions of an assay mi xture similar to the one 
d e iii c I" i b e d , !;j u t  c o n t a i n i n g n o e n z y me.
Generation of whole cell lysates. Cells harvested from 
trays of nutrient agar, as described previously, were 
resuspended in 1 volume of Buffer A and frozen at -50^C.
After a mi numum of 24 hours the ce l ls  were thawed at room 
temperature and refrozen again at -50^C. After one hour, the 
cells  were thawed again, as above, and used to assay for the 
3. ]. p h a-KGDC ( p ur i f i c at i on f r ac t  i on I ; T ab le I I I ) .
I i=; o 1 a t  i on o f M i t  o c h o n d r i a . All en z y m e p r e p a r a t. ion s w e r e 
done at 4̂ C unless stated otherwise. Cells harvested from 
trays of nutrient agar were resuspended in 3.3 volumes of 
0.5M sucrose and lysed by s t i r r in g  with 1.67 w/v Glasper1 en 
beads for 3 minutes at high speed, using a magnetic s t i r re r .  
Disrupted cells  were then centrifuged at 1000 x g for 1O 
minutes, three times, discarding the pellets each time. The 
tlnird supernatant fraction was centrifuged at 14500 x g for 
1 5 mi nut es . Thie r esu 11 i ng uper natant was; di scar ded and thie
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Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ml tochondr i a], pell et was resuspended In appro: i mat el v 2-4 
volumes of 1 OmM potassium phosphate buffer (KPi), pH 7. 2. 1 Li%
glycerol, ImM DTT, and ImM TLCK (Buffer A) (pur i f i cat 1 on 
f ra c t i  on 11). A f ina l protein concentration of 8-12 mg/ml 
was obtained and the resulting preparations were frozen at 
for at least 24 hours.
Puri f i cation of alpha-ketoglutarate dehydrogenase 
ccDmple;;. Isolated mitochondria were disrupted by freezing 
and thawing two times fallowed by passage through a Yeda 
pressure cell at 2000 p s i . The disrupted mitochondria were 
centrifuged for 30 minutes at 27000 v. g. The resulting pellet 
was resuspended in 1OmM potassium phosphate (7.2), 10%
glycerol, ImM DTT (Buffer E<; 0.6-1.0 volumes) and again
disrupted using the Yeda pressure cell followed by 
centri f ugat i on , as above. Einzymat i c acti vi t\' was found 
mostly in the supernatant (pur if ica tion  fraction I I I :  second
Yeda supernatant) which was then adjusted to pH 6.0  wi t.h 1 M 
acetic: acid. To th is  supernatant fraction, a vcDlume of 2% 
protamine sulfate w/v (pH 5.0 with KOH) was added such that 
the to ta l milligrams c;f protamine sulfate added equaled the 
tota l protein (mg) in fraction I I I  times 0.36. This mi xture 
was s t irred 15 minutes on ice and centrifuged at 3000 x g for 
30 (ninutes. The pelle t was then resuspended in a. volume of 
Bi.'.f f er B equal to the vol ume of fracticDn I I I  times 0.46.
Tl'iis re sus pen si on was s t ir red for 25 minutes on ice followed
31
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by centr i f ugat i on at 11600 >; g for 15 mi nut es. The 
s Lt p e r n a t  a n t  f r ac t  ;L o n ( f r a c: t i o n 1V ) c (3 n t  a i n e cl t. h e a 1 p h a - 1 G D C 
ac t iv i ty  and was centrifuged at 175000 >; g for 195 minutes in 
a Beckman L2-65B ul t r  acentri f uge using a T i 80 rotor . T!ie 
supernatant was d i scar deed and pellets were resuspended in 0.1 
volumes of Buffer B, c la r i f ie d  in a E«eckman Mi crof uge 11. and 
stored at -50**C (fraction V).
D e t  er m i n a t  i o n o f a s s a y c o n d i t  i o n s a n d r e q u i r e m e nts. T e 
r requirements al pha-KGDC had for the assay components TPP,
Cyc—HCl , and Mg Cl  ̂ «were determined by moni tor ing enzyme 
a c t iv i ty  with and without the measured component in the 
standard enzyme assay. The requirement for the component was 
e;<pressed as the percent a c t iv i ty  of the enzyme when assayed 
without the component as compared to the ac t iv i ty  of the 
e n z y m e i n t  h e c o m p 1 e t  e c; t. a n d a r d a s s a y . D e ter m i n a t  i o n o f t  h e 
optimal concentr at i ons of TPP, Cys-HCl , MgCl and Tricine 
were established by varying the concentration of one of these 
components as a function of enzyme a c t iv i ty  in the standard 
enz yme assay. Usi ng th i s same procedure, D TT was si.tbst i t  ut ed 
for Cys-HCl to test i t s  effectiveness as a reducing agent in 
the standard assay as compared to Cys-HCl. Similarly, CaCl 
and MnClz were tested for effectiveness as divalent cations.
The pH optimum. The pH of a l l  buffers was adjusted at 
nocjm temperature. The a c t iv i ty  of enzyme (fraction V) was
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assayed at 25*=*C using th e  standard enzyme assay. However, 
S lither  8 OmM Tricine, 42mM pctassi um phosphate (KPi), or 42mM 
Bj.s-Tris Propane, a t  varying pH values, was used to satisfy 
t  h e b u. f f e r r la C| u i r e m e n t .
The temperature optimum. The determi nati on of the 
temperature optimum of al phsi--!<GDC was established in two 
ways. 1) A reaction mixture containing 0.2mM TPP, 1.OmM 
MgCl%, 2.5mM Cys-HCl, O.lmM CoA, 2.5mM NAD, and SOmM KPi 
C'7.2) was incubated in a water bath at the assay temperature 
for 5 minutes. The reaction mixture was then added to a 
single cuvette and 20 ul of enzyme (fraction V) was added. 
This was incubated for an additional 3 minutes. Reactions 
were in i t ia ted  by adding 20 ul of alpha-KG(O. IM). The tota l 
volume of the reaction mixture was l.Oml. Enzyme ac t iv i ty  
was platted against temperature. 2) A reaction mixture
containing 0.2mM TPP, 1.OmM MgCl^, 2.5mM Cys-HCl, O.lmM CoA, 
2.5mM NAD, 2.OmM alpha-KG, and GOmM Tricine was incubated for 
5 minutes as above. This was then incubated in the cuvette 
chamber for an additional 3 minutes and the reaction 
in i t ia ted  by adding 10 ul of enzyme (fraction V). The total 
Vo1ume of the react!on mixture was 0 .5m1.
Determination of the s ta b i l i t y  of alpha-KGDC in an assay 
reaction mixture. The standard assay mixture, void of either 
al.pha-KG or NAD, was incubated in the cuvette chamber with
33
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10-50 al of enzyme (either fraction I I ,  10, or 0). After the 
desired length of time, the missing substrate was added to 
s ta rt  the reaction. In addition to th is  method, fraction V 
was also assayed, using the same procedure, at unsaturating 
levels of substrates ( i.e . O.OlmM CoA, O.lmM NAD, and O.lmM 
alpha-KG). The enzyme a c t iv i ty  determined after incubation 
was compared to the a c t iv i ty  measured when enzyme, as opposed 
to substrate, was added to a complete standard assay.
Effects of sa lt  on enzyme acti vi t y . F irs t ly ,  d if fe rent 
concentrâtions of either KPi (pH 3.0), KCl, or NaCl were 
added to the standard assay mi xture and the enzyme ac t iv i ty  
measured accordingly . Ac t iv i ty  was compared to assays 
without the added sa lt .  Secondly, KPi(8.0) was used in 
place of Tricine in the standard enzyme assay and enzyme 
ac t iv i ty  was measured as a function of KPi concentration with 
no Tricine present. Thirdly, the effects of salt were tested 
by resuspendi ng mitochondrial preparations in 0.6M KPi or 
NaCl in 40mM Tricine, 10% glycerol, 1.OmM DTT, 1.OmM TLCK 
(Buffer C), and the a c t iv i t ie s  compared to mitochondrial 
preparations resuspended in either Buffer A or Buffer C 
alone. Such affects were determined immediately, after 2 
hours on ice, and after d ia lys is  in Buffer C at 0-4(»C for 2 
h o u r s .
Saturation kinetics. In i t i a l  ve locit ies were determined
34
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as in the standard enzyme assay at variaus concentrâti ans a-F 
either alpha-KG, CoA, or NAD while the nonvaried substrates 
are held at saturating or near saturating levels. NAD was; 
varied between O.OlmM and 0 .44mM while alpha-KG was 
maintained at 2OmM and CoA at 0 .26mM. CoA was varied between 
0.004mM and 0.07mM, while alpha-KG was kept at 2.48mM and NAD 
was 1.2mM. Alpha—KG was varied between 0.04mM and 4.OmM with 
constant concentrations of CoA and NAD of 0.2mM and 2.OmM, 
respecti vely.
I n i t i a l  velocity studies. All kinetic studies were done 
using enzyme from ultracentr i fugati on samples (fraction V) 
purif ied as described above. The stored fractions were 
diluted 1 :4 with Buffer B prior to use in kinetic studies. A 
reaction mi x ture containing a l l  but the varied substrate was 
preincubated for 3 minutes at 25*C. Nonvaried substrates 
were added just prior to the preincubation to minimize any 
interactions which could interfere with the assay. The 
reaction mixture was then added to four cuvettes followed b\' 
the addition of varied substrate. The cuvettes remained in 
the cuvette chamber, also at 25'^C, for approximately 60 
seconds before the reaction was in i t ia ted  by the addition o-(- 
5ul of enzyme. Each assay mi::ture contained SOmM Tricine-KGH
(pH 8.0), 0.2mM TPP, 1.OmM MgCl2 , and 2.5mM Cys-HCl in a
tota l volume of 0.5ml. Alpha-KG varied from 0.36mM to 3.6mM.
MAD varied from 0.0228mM to 0.228mM, and CoA varied from
35
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0.002 inM  t o  0 . 02mM.
Product Inhib it ion Studies. Product inh ib it ion studies 
were done in a similar manner to the in i t i a l  veloci ty 
studies, with either NADH or succinyl-CoA added after the 
addition of the varied substrate. NADH was varied from (I’ .OO 
to O.03mM and succinyl-CoA was varied from 0.00 to O.OlmM. 
Addition of COa was not attempted.
Effector Studies. Effector studies were done using two 
d i f  f e?rent protocols. Studies were done by adding effectors 
to assay mixtures prei ncubat ed at 25®*C for 3 minutes 
containing SOmM Tricine-KOH (8.0), 0.2mM TPP, 1.OmM MgCl&,
2.5mM Cys-HCl, 3.2mM alpha-KG, O.OBmM NAD, and 0.004mM CoA.
After addition of the effector, the cuvettes were incubated 
for 1 mi nute and the reaction in i t ia ted  by addition of 
enzyme. The concentrations of effectors were near the 
levels found in the ce l l .  The affects on enzyme ac t iv i ty  
were determined by comparing with assays containing no 
effector. All effectors were resuspended in water, except 
AMP which was resuspended in water and brought to pH 7.0 with 
KGH. There were no affects on buffer pH due to the addition 
of the effectors.
Effector studies were also done at higher levels of 
substrates (2.5mM NAD, O.lmM CoA, 2.OmM alpha-KG) and 
effector concentrâti ons greater than or equal to l.OmM, using
36
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procedures similar to those described above. In addition, 
studies were done by incubating 20 ul of enzyme (fraction V) 
with 10 ul of effector (O.IM) for 15 minutes on ice. Enzyme 
a c t iv i ty  was then determined by adding 15 ul of the 
enzyme-effector mixture to a standard assay mixture having a 
tota l volume of 0.5 ml. The enzyme was added last to the 
reaction mixture and the concentrati on of effector was l.OmM.
The effects of the added metabolites were assessed by
comparing enzyme act iv t ies  to the a c t iv i ty  of enzyme samples 
incubated with Buffer B as opposed to effector. Effectors 
were resuspended in Buffer B, and i f  required, the pH of the
effector solution was brought to 7.2 with KOH.
37
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I I I .  RESULTS
A. P u. r i f i c a t  i o n.
Ac tiv ity  of alpha-KGDC at d if ferent stages in the l i f e  
cycle of P.. discoideum. Mitochondria isolated at d ifferent 
stages in the l i f e  cycle of D. discoideum were resuspended in 
Buffer A and the specific a c t iv i t ie s  compared. Table I I  
shows the a c t iv i ty  of alpha-KGDC at four d ifferent stages in 
the l i f e  cycle of the ce l lu la r  slime mold. Beginning with 
amoebae, the specific a c t iv i ty  of alpha-KGDC increased ten 
fold up through the aggregation stage and continues to 
increase only s l ig h t ly  through the f ina l  stage of 
culminati on.
Purif ication. Cells were harvested at aggregation and 
isolated according to the procedures described in the methods 
section. This resulted in a 113 fold purif ication with a 
4.17. recovery, as summarized in Table I I I .  This table 
reports the results of a single purif ica tion preparation.
Such preparations were done several times and yielded values 
which varied only s l ig h t ly  from those in the table.
The presence of in terfer ing enzymes. The a c t iv i t ie s  of 
glutamic acid dehydrogenase and NADH oxidases were monitored
38
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TABLE II
Activity of Alpha-KGDC at Different Stages in the Life Cycle discoideum
STAGE SPECIFIC ACTIVITY ^ 
(units/mg protein)
Amoebae 0.0029
Aggregation 0.032
Mexican Hat 0.050
Late Culmination 0.056
8 *A unit is defined as umoles of NADH formed per minute at 25°C
O
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TABLE III
Purification of alpha-KGDC from d1scoideum
Fraction
Volume
(ml)
Total
Protein
(mg)
Total
Activity
(units)*
Specific 
Activity 
(units/mg protein)
Purifi­
cation
(n-fold)
%
Yield
I. Whole Cell Lysate 72.0 1434.00 42.20 0.029
II. Mitochondria 37.0 296.00 13.32 0.045 1.55 31.6
III. 2"^ Yeda
supernatant 28.0 59.00 6.70 0.114 3.93 15.9
IV. Protamine Sulfate 13.0 3.30 2.5 0.753 26.00 5.9
V. Ultracent­
rifugation 1.5 0.529 1.74 3.29 113.45 4.1
CD■o
OQ.
C
ao
3
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o
CDQ.
■D
CD
3
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*A unit is defined as umoles of NADH formed per min. at 25'*C.
40
throughout the pur i f  i cat :i on of alpha-KGDC in order to assess 
the ex tent of NADH u t i l iz a t io n ,  which would interfere with 
the assay for alpha-KGDC. Generally, glutamic acid 
dehydrogenase was present in the whole cell 1 ystate and most, 
but not a l l ,  mitochondrial préparâti ons. The ac t iv i ty  of th is  
enzyme depends on the assay system used (see methods). I f  
the di ssappearance of NADH was moni tored, l i t t l e  or no 
a c t iv i ty  was observed (specific a c t iv i ty  was approximately 
0.004units/mg protein), while a c t iv i ty  determined by 
measuring the formation of NADH was much higher (specific 
a c t iv i ty  between 0.015-0.15 uni ts/mg). Glutamic acid 
dehydrogenase, i f  present in the mitochondria, was not lost 
by disruption with the Yeda pressure ce l l .  However, af tef- 
ex tract i on with protamine sulfate, glutamic acid 
dehydrogenase a c t iv i ty  was not detectable.
Similarly, NADH oxidase was present in both the whole 
cell lysate and mitochondrial fractions. The specific 
ac t iv i ty  of these enzymes in mitochondria l ies  between 
0.1-0.2 uni ts/mg protein. Ac t iv i ty  in the whole cell lysates 
was appreciably higher than in the mitochondria. In the 
presence of Triton x-100, however, the specific ac t iv i ty  of 
the NADH oxidases was reduced to less than 10% of the 
a c t iv i ty  measured in the absence of Triton ;;-100. NADH 
oxidase a c t iv i ty  was often present in purif ication fraction 
I I I  (Table I I I )  but not in protamine sulfate extracts 
(pur i f ica t io n  fraction IV). The presence of neither glutamic
41
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acid dehydrogenase nor NADH oxi dases was detectable in the 
purl-fied ul tracentr i f  ugat i on pelle t (purif ication fraction 
V) .
In order to measure alpha-KGDC ac t iv i ty  in preparations 
containing potentia l ly  in terfer ing enzymes which u t i l iz e  
NADH, a c t iv i ty  was monitored using a coupled assay as 
described in the methods section. Assays were first, 
attempted using Diaphorase as electron carrier and 2.5mM 
Cys-HCl. This resulted in a high background absorbance 
change and low specific a c t iv i ty  for alpha-KGDC, when 
compared to enzyme a c t iv i ty  measured in the standard assay. 
However, when PMS replaced diaphorase as electron carrier and 
Cys—MCI was reduced to 0.3mM, the background was minimized. 
The specific a c t iv i ty  of alpha-KGDC, as determined in th is 
coupled assay, in both whole cell lystate and mitochondrial 
fractions were comparable to the specific ac t iv i t ies  
determined in the standard enzyme assay (Table I I I ) .  Thus, 
l i t t l e  or no interference from glutamic acid dehydrogenase 
nor NADH oxidase occurred in the standard assay for 
alpha-KGDC. Use of the coupled assay was not employed to 
determine the a c t iv i ty  of alpha—KGDC in purif ication 
fractions I I I -V  because the results were d i f f i c u l t  to 
interpret due to the presence of an inexplicable background 
absorbance change in these fractions.
SDS-PAGE. Proteins from each pur if ica tion fraction
42
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-I-V: Table I I I )  were separated by SDS-PAGE and stained, in
arder to view the lose and retention of various protein bands 
throughout the pur if ica tion  process. While most l ighter 
w e i g i-i t  p r o t  e i n b a n d s ( i .e .  t  h o ;ü e 1 oc a t  ed bel ow th e b a n d 
•formed by BSA at 66,200 dal tons ) were lost predominately by 
protamine sulfate ex t ra c t i  on, many of those remaining a fter 
this procedure were not present following 
ul tracentr i f ugati on . Protamine sulfate also separa'tecj 
several of the heavier weight proteins (above 66,200).
Overal1, the purif ied fraction V, used for kinetic analysis, 
showed about 13 major bands, whereas the whole cell lysate 
showed more than 30 d is t inc t  bands.
B. General Character i z ati on.
A s s ay re cq u i remen t  . The as a y r e q u i r erne n ts f  o r o p t  i m a 1.
3.1 pha-KGDC a c t iv i ty  are shown in Table IV. The requirement 
for detergent (Triton x~iOO) varied among the di f ferent 
enzyme fractions produced during pur if ica tion . In the 
absence of Triton x-100, enzyme fractions earl y in 
purif ica tion ( i .e . fractions I, 11,and I I I )  exhibited only 
0-50% of the tota l enzyme ac t iv i ty ,  with the cruder fractions 
exhibiting a greater dependence on the detergent. In 
contrast, fraction IV and the ultracentrifugation pellet 
(fraction V) were inhibited by the presence of the detergent.
43
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TABLE IV
g Reaction Requirements of Alpha-KGDC in D. discoideum
8
3. Reaction Condition Percent Activity
3"
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3.
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"O -CoA 0
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3 " -TPP 10.4
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5- -Cys-HCl 52
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3
-Triton x-100 *
*  value varies depending on the enzyme sample used.
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Enz'/me act i '/i t'/ was assa'/ed at di f f  er ent concerttrati on'.:; 
of Trlc lne—KOH (pH S.O) -from 30mM—200mM. The concent r ..at i on 
Q - f  Tri ci ne which ex hi bi ted the highest al pha-KGDC act i '/:i t', 
was 80mM. Ther e-f core, th is  concentr at i on was used in a l l  
subsequent experiments. Enz'/me act i ' / i t ' /  was also assaiye’d at: 
d if ferent concentrations of TPP. A curve of the 
concentr at i on of TPP '/er sus enz'/me act i '/i t '/ is hyperbolic in 
shape as shown in Figure 4. A concentration of O.2mM TPP was 
chosen to be used for k inetic characterization because i t  was 
a saturating concentration and had been used in a l l  previous 
assays throughout the puri f i cati on . F'lots of l/ '/el oci t'/ 
versus 1/TPP concentration were constructed in order to 
obtain an approximate Km value -for TPP. The Km estimated for 
TPP is 0.026mM.
Plots of enzyme a c t iv i ty  versus the concentrat i on of 
C'/s-HCl or versus the concentr at i on of DTT revealed that the 
presence of C'/s-HCl , as opposed to DTT, yielded higher enzyme 
acti'v'ity. Al pha-KGDC ac t i  '/i t'/ was constant in the Cys—HCl 
ccDncentr at i on range of O. 4-2. 6mM. A concentr at i on of 2. 5mM 
Cys-HCl was used for k inetic studies, since th is 
concentrâtion was used in a l l  previous assays. Three 
divalent cations, Mn̂ "*', Mg and Câ "-, were assayed for their 
affects on enzyme a c t iv i t ' / .  At concentr at i ons below l.OmM, 
Mn̂ :"- was the better of the three ( i.e . resulted in higher 
enz'/me a c t iv i ty ) ,  while at concentr at i ons above l.OmM, either 
Ca*"  ̂ or Mg== 'yielded higher enzyme ac t iv i ty .  was chosen
45
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Figure A: Effects of thiamine pyrophosphate on enzyme
activity. Enzyme activity was measured at various concentra­
tions of TPP in the standard enzyme assay. Enzyme activity 
is units per ml enzyme.
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ta supply the divalent cation at a concentrât 1 ijn of l.OinM., 
Plots of 1/velocity versus 1 / (Mg= concentration) gave an 
approxl mate Km value of
Enzyme s ta b i l i t y  and storage. Enzyme ac t iv i ty  in 
m 1 tochon d r 1 a w a s b e s t  m a 1 n t  a 1 n e d b y s t  a r a g e In Buf f e r A a t: 
-50*^C. This resulted in l i t t l e  (maximum of 16%) or no loss 
In enzyme ac t iv i ty ,  for enzyme stored up to 8 months.
Storage of mitochondria at -20®’C; resulted in a more rapid 
1 OSS of enzyme act1v l t y . After f ive  days, 30-100% of the 
enzyme a c t iv i ty  was gone. Storage in 50% glycerol did not 
help stablize the enzyme ac t iv i ty .  Storage at 4‘=“C was even 
less effective, with 80-100% of enzyme ac t iv i ty  being lost 
after 24 hours. Dialysis of mitochondria at 0~4‘='C maintained 
ac t iv i ty  over 24 hours and al so recovered some ac t iv i t ' /  lost 
when mitochondria were stored at 4“ C for 24 hours. While the 
presence of alpha-KG, NAD, or TPP had no beneficial effect on 
mitochondria stored at 4°C, the presence of CoA resulted in 
onl '/ a 72% loss of activât'/, in comparison to an 82% 1 os<=; of 
enz'/me activ ty with no substrates present. Mitochondrial 
fractions le f t  at room temperature lost 95% of their 
alpha-KGDC a c t iv i ty  in four hours, while the same fractions 
le f t  on ice lost only 35%. The addition of TLCIC to the 
mltochondrial preparations was essential to maintain enzyme 
act i Vi t '/ . In cont r ast, addi t  on of phen'/1 methy 1 
su1f on y1f 1 our i d e (PMSF), another protease inh ib ito r,  could
47
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not be used in ;its place.
Purif ication fractions I I I  and IV were less stable than 
mitochondria fractions, both in storage at -50<̂ ’C and while on 
;i (ze . Theref ore, these f racti ons were ge n e r11 y not stored 
longer than 2—3 days and were not le f t  more than one hour on 
ice before either storing at -50*C or using for further 
puri f i cati on.
After u ltracentr i fugat i on, enzyme samples were stored at 
-50*C. Freezing for at least 24 hours resulted in a s l ight 
increase in enzyme a c t iv i ty .  No loss in enzyme a c t iv i ty  was 
observed after being le f t  on ice for 8 hours nor after one 
month stored at -50*C. However, after storage for 2 1/2 
months at -50*C there was a 30% loss in enzyme ac t iv i ty .
The s ta b i l i t y  of the enzyme complex while in the 
reaction mixture was determined in mitochondria (fraction 
I I ) ,  fraction IV and the ultracentrifugation pellet (fraction 
V). The length of time in which the enzyme remains in the 
assay mixture, prior to substrate addition, was an important 
factor in determining i t s  a c t iv i ty  in the mitochondrial and 
fraction IV preparations (Figures 5 &. 6). In mi tochondr i ml 
préparâtions, no enzyme a c t iv i ty  was lost when enzyme was 
incubated up to 20 seconds before either NAD or alpha-KG is 
added to s ta rt  the reaction (Figure 5). However, after 
twenty seconds in the reaction mixture void of one substrate, 
there was a time-dependent loss of enzyme ac t iv i ty  with up to 
70% of the enzyme acti vi ty lost af ter 300 seconds. The l 0 !=;s
48
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Figure 5: Stability of alpha-KGDC (Fraction II) in the
assay mixture. The activity of alpha-KGDC from mitochondrial 
preparations was measured as a function of the time present 
in a standard assay mixture which lacks either NAD or 
alpha-KG. Reactions were started, after the enzyme was present 
in the mixture for times indicated on the x-axis, by the 
addition of either NAD (#) or alpha-KG(A) .
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F i g u r e  6: S t a b i l i t y  of a l p h a - K G D C  ( F r a c t i o n  IV) in the
ass ay  m i x tu r e.  T h e a c t i v i t y  of a l p h a - K G D C  from fr ac ti on IV 
p r e p a r a t i o n s  was  m e a s u r e d  as a f u n c t i o n  of the time pr es en t  
in a s t a n d a r d  as sa y m i x t u r e  w h ic h  l ac ks ei th e r  NAD or alp ha - 
KG. R e a c t i o n s  w e r e  st a rt e d , aft e r the e n z y m e  was present in 
the m i x t u r e  for t i m es  i n d i c a t e d  on the x-axis, by a d d i t i o n  of 
e i t h er  N AD  (#) or a l p h a - K G ( A )  .
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of enzyme a c t iv i ty  did not depend upon which substrate was 
used to s tart the reaction after the designated time had 
elapsed. On the other hand, enzyme in fraction I I I  was 
stable in a reaction mixture, void of either NAD or alpha-KG, 
for only 10 seconds. In th is  case, the time dependent loss 
of enzyme a c t iv i ty  was greater when the enzyme was present in 
reaction mixtures without alpha-KG than i f  alpha-KG was 
present (Figure 6). I t  appeared that the presence of 
alpha-KG in the reaction mixture helped s tab il ize  the enzyme 
complex in pur if ica tion  fraction V. There was no loss of 
enzyme a c t iv i ty  in purif ied enzyme preparations (Fraction V) 
present in the reaction mixture for up to 90 seconds, and no 
difference in a c t iv i ty  was observed between assays using 
either alpha—KG or NAD to s tart the reaction. This ac t iv i ty  
was equal to the a c t iv i ty  determined when enzyme was added 
last to the reaction mixture.
Effects of salts. The presence of KPi or NaCl in the 
standard reaction mixture inhibited the production of NADH. 
The effects of the concentration of KPi (pH 8.0), used both 
as a buffer i t s e l f  and in the standard assay system 
containing 50mM Tr i ci ne (8.0), on enzyme a c t iv i ty  are shown 
in Figure 7. The effects of the concentration of either NaCl 
or KCl on enzyme a c t iv i ty  are shown in Figure 8. I t  is seen 
from th is  f igure that the inh ib ito ry  effects of these two 
salts are comparable. Also notable is the nonlinear
51
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Figure 7: Effects of KPi on alpha-KGDC activity. Alpha-
KGDC activity was measured at different mM concentrations of 
potassium phosphate (pH 8.0) in the standard assay (•) , and in the
Tricine (A)standard assay without 
units/ml .
Enzyme activity is in
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Figure 8: Comparison of the effects of NaCl and KCl on enzyme
activity. Enzyme activity (units/ml enzyme) was measured in 
the standard assay system at different concentrations of either 
KCl (0) or NaCl(A).
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r <2 1 at i onshi p of sa lt  cone (3 n t  r a t  :l o n v (3 r <=i u s enzyme a c t  ;i ;l t. y .
In contrast, 0 « 4 5 M ammonium sulfate (NĤ EiÔ .) did not inh ib i t  
enzymce a c t iv i ty ,  when present in only the assay mixture.
Resuspension of mitoohondria in high concentrations 
( i .e . O. C'M—0. 6M ) of NaCl , KPi, or NĤ -SÔ  ( 80%) inhibited the 
alpha-KGDC a c t iv i ty .  Inh ib it ion by KPi or NĤ SÔ  was not 
r e ver s i b 1 e b y dial y s i s, w h e i" e a «: e n z y m e ac t i  v i t  y 1 o s t  b y t  In e 
presence of high NaCl concentrât i ons was pa r t ia l ly  re-covered 
by d ia lysis.
I f  mitochondria were resuspended in Buffer C and O.6M 
KPi (3.0) and assayed i mmedi atel y , the specific act i vi ty  of 
the enzyme was the same as enzyme resuspended in Buffer C 
al on(2 . Thus no immediate loss in enzyme a c t iv i ty  was 
apparent. However, when le f t  two hours on ice, the enzyme in 
0.6N sa lt lost 65% of i t s  original enzyme ac t iv i ty ,  while 
mitochondria resuspended in Buffer C alone lost only 237. of 
i t s  original a c t iv i ty .  For the sample resuspended in Buffer 
C plus KPi, d ia lysis against Buffer C resulted in a loss of 
a c t iv i ty  equal to that of an analogous enzyme sample left, on 
ice for the same period of time ( i.e . two hours). However, 
for mi tochondri al samples resuspended in Buffer C alone, 
d ia lysis against Buffer C resulted in a smaller loss of 
enzyme a c t iv i ty  (16%) than i f  the sample was le f t  on ice for 
the same two hour period. Therefore, d ia lysis did not 
recover enzyme a c t iv i ty  lost due to exposure to high 
concentrations of KPi, while i t  did recovered a c t iv i ty  lost
54
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d u e t  a  possi bl e s ndo g e n o u s reac t. i  o n s in t  li e m i t. o c |-i a  n d r :i -ï; ]. 
prepara t i ons.
Resuspension o-f mitochondria in Buffer C and 0. 6M NaCl 
resulted in a 23% lass of enzyme a c t iv i ty  when a c t iv i ty  was 
measured immediately after resuspension. After 2 hours on 
ice in the presence of the sa lt,  67% of the enzyme ac t iv i ty  
was lost. Dialysis, as opposed to remaining on ice, for the 
same amount of time resulted in only a 50% loss of ac t iv ity .  
Thus 17% of the lost a c t iv i ty  was recovered by dialysis.
When le f t  on ice, mitochondria resuspended in Buffer A 
lost from 0-35% of i ts  enzyme ac t iv i ty  in a two hour time 
period. However, the specific a c t iv i ty  of mitochondria 
resuspended in Buffer A is 1.4 fold higher than i f  
resuspended in Buffer C, although 1OmM KPi is present, in the 
f armer.
Precipitation of alpha-KGDC with 80% NĤ SÔ  and 
resuspension in Buffer B (same volume as the sample 
precipitated) resulted in a 73% loss of enzyme ac t iv i ty  which 
could not be reversed by dialysis in Buffer B.
The pH optimum. The pH optimum was determined in three 
d if fe rent buffers; Tricine, potassium phosphate, and 
Bis—Tris Propane over a pH range of 6.0—9.0, using the 
purif ied enzyme fraction V. The optimum pH was S.O in 
Tricine and Bis-Tris Propane and 8.5 in potassium phosphate 
buffer (Figure 9). Also indicated in th is  figure is a nearly
55
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Figure 9: The effects of pH on the activity of alpha-KGDC.
Enzyme activity in fraction V (Table III) was determined in three 
different buffers: 80mM Tricine (x) , 42mM KPi (•), and 42mM Bis-
Tris Propane (A), over a pH range of 6.0-9.0. Enzyme activity 
was measured using the standard enzyme assay with the above 
buffers replacing Tricine in the assay mixture. Specific 
activity is units per milligram of protein.
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two fold increase in enzyme a c t iv i ty  when Tricine buffer (pH 
/.5--S.U) was used in the assay mi;: tu re as opposed to either' 
potassium phosphate or Bis-Tris Propane.
The temper a t. u r e optimum. The optimum temperature was 
determined by assaying purif ied enzyme at temperatures 
ranging from 10°C to 30«C. In the standard assay, which 
employs 80mM Tricine buffer (8.0) , th is  optimum was 25’=C 
(Figure 10). However, in the standard assay, with SOmM KF'i 
(7.2) used as the buffer as opposed to Tricine, the 
temperature optimum was 23®C.
Stoichiometry. The amounts of NADH formed and alpha-KG 
consumed b'>' purif ied enzyme in a standard reaction were 
determined as described in the methods section. The amount 
of alpha--KG consumed by the react on equaled the amount of 
NADH produced. Thus the enzyme was of suitable purity for 
!-■: i n e t  i c a n a 1 s :i s .
Quantitation of the amount of enzyme used in kinetic 
analysis. The concentrâtion of purif ied enzyme was adjusted 
to be within a range which exhibits a linear velocity versus 
enzyme concentr at i on response a't both the lowest and highest 
c oncentr at i ons of substrates to be used for f:i neti c studicas- 
In addition, the concentration of enzyme used in the reaction 
mixture was adjusted so that the tota l reaction time, as
57
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Figure 10: Temperature effects on alpha-KGDC activity.
Enzyme activity (units/ml) was determined at various temperatures 
in a standard reaction mixture containing either 80mM Tricine, 
pH 8.0 (Jk ) or 50mM KPi, pH 7.2 (•) .
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measured at various hi gl-i and low si.ibi=;tr at e concentrât i ons, 
was long enough to record the in i t i a l  velocity. This was 
done by measuring the reaction time at various ratios of 1ow 
to high substrate concentrations and adjusting the enzyme 
concentrâti on as necessary to assiure good recording of the 
velocity. This concentrat i on was 0.38 ug protein/ml reaction 
mi X tur e. In or der f or react i ans cont.ai ni ng t.Ine 1 owes;t Cori 
concentration (0.002mM) and the highest concentrations of 
both NAD (0.2mM) and alpha-KS <2.OmM), which are the 
substrate concentr at i ons that yielded the shortest reaction 
time, to have reaction times great enough to record the 
in i t i a l  velocity ( i .e .  greater than 45 seconds), the original 
purif ied enzyme sample (Fraction V) was diluted 1:4 with 
Buffer B and 5ul of th is  was used in each 0.5ml assay. This 
veilded the protein concentrât i on of O.BE) ug/ml reaction 
mi tu re .
C. Kinetic: Char acter i z at i on .
Saturation ki net i cs. Plots of velocity versus
substrate concentration were hyperbolic: regardless of the 
substrate varied (Figures 11,12,13). Therefore no 
c c3op er at i ve binding of substrates was suspec: ted .
In i t i a l  velocity studies. In i t ia l  velocity studies were
59
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Figure 11; The effects of CoA on enzyme velocity (units per 
ml enzyme). Enzyme activity was measured at various concent­
rations of CoA in the standard reaction mixture containing 
2 . 5mM alpha-KG and 1.2mM NAD.
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Figure 12: The effects of the alpha-KG on enzyme velocity
(units per ml of enzyme). Enzyme activity was measured at 
various concentrations of alpha-KG in standard reaction mixtures 
containing 2.OmM NAD and 0 . 2mM CoA.
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Figure 13; The effects of NAD on enzyme velocity (units 
per ml of enzyme). Enzyme activity was measured at various 
concentrations of NAD in standard reaction mixtures containing 
20mM alpha-KG and 0.25mM CoA.
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done aocrording to the method of H» J. Fromm (63) . The 
concentr at:i on of one of the three !=;ubst rates, alpha-KG, NAD „ 
or CoA , was varied at d if ferent fi;:ed o on c en t  r a t i on s of the 
o t  h e r t  w o u b t  r a t  e s m a i n t  a 1 n e d a t. a c o n ts t  a n t  r a t. ;i o .
Li neweaver-Burk plots resulted in a series of straight lines 
( f i t  t  e d t. o (d a ta p o i n t  s b ■/ 1 i n e a r- r e g r e s s ion) w h i c !-i 
intersected to the le f t  of the y-a;-:is, regardless of the 
varied substrate (Figure 14; A, 8 ,0 .  Such d-r plots are 
consistant with a sequential rather than a ping pong 
mechanism. Michael is  constants were determined by replotting 
slopes and intercepts of the primary plots versus the 
reciprocal concentrât i on of <a nonvaried ‘substrate. All such 
replots were parabolic except the intercept replot with 
alpha-KG as the varied substrate of the primary d-r plot.
This secondary replot was linear. Such a pattern of primary 
and secondary plots suggests that the reaction mechanism of 
alpha-KGDC is an ordered sequential Ter Ter with alhpa-KG 
being the second substrate to bind. The rate equation for a 
steady state ordered Ter Ter reaction mechanism has be?en 
defined (60).
Ki values were determined from the rate equation for an 
ordered sequential Ter Ter reaction median i sm. Ki ( al pha-KC-} ) 
and Ki (CoA) were determined from primary d-r plots of the 
in i t i a l  velocity studies of both NAD and CoA. Ki (NAD) was: 
determined from product inh ib it ion studies in which alpha-KG 
was varied in the p re‘sen ce of sue ci nyl -CoA. Ki (NADH) wa'c
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Figure 14: Inital velocity patterns for the overall reation
(A) CoA concentration was varied at a fixed ratio of alpha-KG 
to NAD concentrations: 0.96mM alpha-KG/O.024mM NAD(#) ; 1.44mM 
a 1pha-KG/O.036mM NAD (O)! 2,88mM a 1pha-KG/Q .072mN NAD ( A ) ;
5.7 6mM a 1pha-KG/O.I44mM NAD (A). (B) Alpha-KG concentration
was varied at a fixed ratio of NAD to CoA concentrations; 
0.02mM NAD/0.0036mM CoA (•); 0.04mM NAD/0.0072mM CoA (O): 
O.OSinM NAD'0.0144mM CoA ( A ) :  0.2mM NAD/0.036mM CoA (A). (C)
NAD concentration was varied at a fixed ratio of alpha-KG to 
CoA concentrations: 1.28mM a 1pha-KG/O.0016mM CoA (#); 1.ômM
alphaKG/0.002 mM CoA (O); 3.2mM a 1pha-KG/0.004mM CoA ( A ) ;
6.4mH a 1pha-KG /0.008mM CoA (A). Velocity equals units per ml
enzyme. 64
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determined from product inh ib it ion stud i eo done in the 
presence of NADH. The Kms for CO2  and euccinyl—CoA, as well 
as the Ki (CO2 ) , although present in the velocity equation, 
could not be deter mi ned ind iv idua lly  and t.hus wer e determined 
3-s a ra t io  as they appear in the rate equation. This ra t io  
is Km < CÜ2  > / CKm < succ i ny 1-CoA ) !(<Ki (CO 2 ) II and has a value of 
2006/mM. This value was used in calculating Ki(NAD).
Kinetic studies in the reverse direction were not attempted.
Pr (:)duc t  i nh i b i t  i on . Pr-oduc t  i nli i b i t  i on pa11. er ns wer e
obtained by varying the concentrat i on of either a1pha-KG,
CoA, or NAD at constant concentrations of the other two 
substrates and d if fe rent fixed concentrations of either NADH 
or succinyl-CoA. Sueci nyl-CoA was a noncompetitive i nh i b i tor 
regardless of the varied substrate when the other two 
u b's t  r a t e s; w e r e a t  i.i n :s a t u r a t i n g c o n c e n t  r a t. i o n s ( F i g u r- e 15 ) .
Howe;-er , when alpha-KG wa s the var i ecj substr at e, satui- at i >0 n 
with NAD (2.4SmM) changed the inh ib it ion  pattern for 
succ: i nyl “ CoA from ncDiicompet i t i ve to u.ncc;mpet i t  i ve (Figure 
16), while saturation with CoA (O.lmM) had no effect on the 
pattern (Figure 17). With NAD as the varied substrate, thca 
sued nyl -CoA inh ib it ion  psrtterns did not change i f  CoA was: 
held at a saturating level (O.lmM) (Figure l£î). Succ i nyl -CoA 
inh ib it ion  patterns changed from noncompieti t i  ve to 
u n comp et i t  i ■ / e w h e n C o A w a -s. v a r i e d a t s a t  u r a ting ]. e v e 1 s o f N A D 
(2.SmM) (Figure 19).
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Figure 1 5 :  Product inhibition by s u cc i n y 1 - C o A . ( A )  CoA
concentration varied at fixed concentrations of su cci n y 1 -C o A ; 
zero ( A ) ;  0 , 0 0 2 m M  ( A ) ;  0 . 0 0 4 m M  (O) ; 0 . 0 0 6  (#) Alpha-KG was
3 . 2nsM and NAD was 0 . 0 8 t n M .  (B) Alpha-KG concentration was varied
at fixed concentrations of s u c c i n y ] - C o A : zero ( A ) ;  O.OOAmM (A);
O . O l m M  ( O ) . NAD was O. OOSmM and CoA was O. OOAmM.  (C) NAD 
co ncentration was varied at fixed concentrations of succiny1-CoAi 
zero (A); O. OOZmM (A); O. OOAmM (O); 0 . 0 0 6 m M  ( # ) . Alpha-KG was
3 . 2 m M  and CoA was O. OOAmM.
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Figure 16: Product inhibition by succinyl-CoA versus alpha-KG
c o ncentrations at saturating concentrations of NAD (2.A8mM) and 
unsaturating concentrations of CoA (0.004mM). /
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F i g u r e  17: P r o d u c t  i n h i b i t i o n  by s u c c i n y l - C o A  v e r s u s  a l p h a - K G
c o n c e n t r a t i o n s  at s a t u r a t i n g  c o n c e n t r a t i o n s  of C o A  ( O . I m M )  and 
u n s a t u r a t i n g  c o n c e n t r a t i o n s  of N A D  ( O . O S m M ) .
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Figure 18: Product inhibition by succlnyl-CoA versus NAD
concentrations at saturating concentrations of CoA (O.ImM) and 
unsaturating concentrations of alpha-KG (3.2mM).
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F i g u r e  19; P r o d u c t  i n h i b i t i o n  by s u c c i n y l - C o A  versus CoA 
c o n c e n t r a t i o n s  at s a t u r a t i n g  c o n c e n t r a t i o n s  of NAD (2.8mM) and 
u n s a t u r a t i n g  c o n c e n t r a t i o n s  of a l p h a - K G  (3.2mM).
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At unsa t i..i rating 1 e v e 1 s o f n o n a r i e c j a i.ibstr a t e , i'-) A D H w a a
■:a n o n c a m p e t i t. :i v e i n In :i b i L o r w hi e n e i t: h e r- a lia In a - K G a i" N A D w e? r a 
the var i ed aubetrate and a ::ompet i t i ve inhibitor of CoA 
(P'lQure 20) . UJ;i'h.in al pin a-KG as the varied substr ate and NAD 
at saturating oonoentr at i on <2.£imf’1), the inhibition patterns 
were unchanged (Figure 21). Satur atian with CoA (Co ImM) 
resulted in the loss of NADH inhibition.
T hi e i n i t. i a I v e 1 o c i t y a n d p r o d u c t i n hibi t i o n s t u (d i e s la □ t In 
support a steady state ordered Ter Ter reaction iTiechanism.
The product inhibition studies indicated that the first, 
substrate to bind is CoA, the second is alpha—KG and the 
third is NAD. The order of product, release i s : succi nyl -CoA, 
CO2 , NADH. The rate equation for alpha-KGDC from 
Pictvasteli urn and its  schematic representation according to 
Cl el and' s notation are given in Figure 22- Values for Kms 
are given as the average of many experiments in Tab 1 (s V. The 
dcefinitions of the kinetic constants as they apply to
Cl eland’ s notation (Figure 2.2) are given in Figure 23. The
Ki /alues calculated from the rate equation, employed these?
Km values in their deter mi nat i on . Ki values were cal cul s.ted 
in several ways from the rate equation, and are thus 
expressed as an average of values from several experi ments 
and met hod s of c a1cu1 at i on i n Tab 1e V.
D . I:: f f e c t  o r S t. u d i (-:? s .
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F i g u r e  20: P r o d u c t  i n h i b i t i o n  by NADH. (A) C o A  c o n c e n t r a t i o n
w as  v a r i e d  at f i x e d  c o n c e n t r a t i o n s  of NADH: z e r o ( A ) ; O . O l m M  (A);
0 . 0 3 m M  (O) ■ A l p h a - K G  w a s  3 . 2 m M  and  N A D  w a s  O . O S m M .  (B) A l p h a - K G  
c o n c e n t r a t i o n  w as  v a r i e d  at f i xe d  c o n c e n t r a t i o n s  of NADH: 
z e r o  (A); O . O l m M  (A); 0 . 0 2 m M  (O); 0 . 0 3 m M  (•) . NAD  w as  O . O S m M  and 
C o A  w a s  O . O O A m M .  (C) N AD  c o n c e n t r a t i o n  was  v a r i e d  at f i x e d  
c o n c e n t r a t i o n s  of N AD H: z er o  (A); O . O l m M  (A); 0 . 0 2 m M  ( O ) .
A l p h a - K G  w as  3 . 2 m M  and C oA  was  0 . 0 0 4 m M .
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Figure 21: Product inhibition by NADH versus alpha-KG
concentrations at saturating NAD concentrations (2.8mM) and 
unsaturating concentrations of CoA (0.004mM).
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P=succiny1-CoA Q=C02 R=NADH
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Figure 22: (A) Schematic representation of the reaction 
mechanism of 2-KGDC from 2» discoideum. (B) The rate
equation for 2-KGDC as adapted from an ordered sequential 
Ter Ter reaction mechanism (60) with [Q]=0.
74
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
■ o
I
I
TABLE V
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Kinetic Constants of Alpha-KGDC from discoideum
CD
8 Kinetic Constant mM
c5'
3 "
i
3
CD
Km (alpha-KG) 0.652
"nc Km (NAD) 0.046
3 .
3 "
CD
O
Km (CoA) 0.0023
" O
o
Q .c
a
Ki (alpha-KG) 0.651
o
3
" O
3
Ki (NAD) 0.168
3 *
C T
«—t* Ki (CoA) 0.0032
Q .
g
5
Ki (NADH) 0.013
"O
CD
(/)
o '3
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^mA ^mCoA“
^mB"K^2-KG' KlK3^4^5'^6
K ^ K 2 S ( W V 6 + V 6 )
^ m C ^ m N A D  ^ 1 ̂ 2^5^6^^-3''' \  ^
KlK^K^C V 6 +  ^^5^6)
^iA~^iCoA~ ^ l / ^ l
^ic^^iNAD ^-3^^3
^iR'^iNADH
Figure 23: Definitions of kinetic constants as applied
to Cleland's notation (figure 22A ).
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Ef f ec tor n t  u. d i. e s . E f f e c t  c: r ud 1 es wer e dene in several 
wa'/s, as descr i bed in the methods section. The results of 
et f ec: t cDr s tested at phys i ol eg i cal levels in the presence ct 
unsaturata ng lot-sis of NAD, CoA , and alpha—KG ( not i n cub at ed ) 
ar’e described in Tables VI and VII. Under these ccnditions, 
p(3si t  i ve effects were seen for a l l  TCA cycle i ntermedi ates 
assayed. However, more strikincj effects were observed with 
the ru.icl eot i des AMP and ATP (Table V II) .  AMP increased thte 
enz yme a c t iv i ty  near 1 y two fold, while ATP decreased the 
a c t iv i ty  close to f ive  fold. GMP, G TP, UDP, and UTP a l l  hacd 
notable positive affects on enzyme ac t iv i ty ,  while cAMP 
showed no effect at a l l .  The amino acids alanine, glutamic 
acid, and aspartic acid (Table VI) had no signif icant affect.
At con(”entrat i cjns above 1. OmM, the TCA cyc 1 e 
intermediates were inh ib ito ry , with the exception of 
o ; < a 1 o a c e t  a t  e, w h e n a s s a y e d a t h i g h e r c o n c e n t  r a t  i o n o f ■
substrates (CNAD1=2.5mM, [ a1pha—KG1=2.OmM, [CoA1=0.1mM).
Ox al o acetate i increased the enzyme ac t  i v i ty with a maximum 
re la tive  velocity of 1.5 at 3.OmM oxaloacetate. At l.OmM 
c on cent r at i on s, the amino acids hist id ine, arginine, proline, 
and glutamine were a l l  inh ib itory  with glutamine having the 
h i ghest inh ib it ion  of 34% . TIne va 1 ues were si mi 1 ar i f t ine 
ami no acids were incubated with the enzyme, as described in 
the methods. The percent inh ib it ions due to the presence of 
these ami no acids are given in Table V II I .
Concentrati arts of 1 . OmM ATP, GMP, and GTE' were
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TABLE V I
E f f e c t s  of T r i c a r b o x y l i c  Ac i d  C y c l e  I n t e r m e d i a t e s  
and A m i n o  A c id s  on A l p h a - K G D C  A c t i v i t y
E f f e c t o r A s s a y  
C o n c e n t r a t i o n  
( mM )
Vef f^ 
Vo
Cell y 
C o n c e n t r a t i o n  
( mM )
O x a l o a c e t a t e 0 . 0 0 3
0 . 0 0 5
0.01
1.12 
1 . 18 
1 .36
0 . 0 0 2 - 0 . 0 0 3
M a l a t e 0 .3 
0.5
1 .0
1 .23 
1 . 28 
1 .38
0 .15-0.46
C i t r a t e 0.3 
0.5 
1 .0
1 . 2 
1 . 25 
1 .13
0 . 0 1 7 - 0 . 3 7
S u c c i n a t e 1.5
2.0
4.0
1 .12 
1 . 10 
1 . 26
1. 62 -2 .8 2
Fuma rat e 0 .03
0.05
0.1
1.11 
1 .21 
1 .03
0 . 0 2 4 - 0 . 0 5 5
G l u t a m a t e 0.4
1.0
2.0
1 .05 
I .02 
1 .05
0 . 3 7 - 2 . 3 8
A s p a r t a t e 0.6
1.0
2.0
1 .02 
0.9 
1 . 02
0 . 0 9 - 1 . 0
A l a n i n e 1 .0
2.0
2.9
1 .04 
1 .13 
1 .13
0 . 7 1 - 2 . 5 4
^ V e f f =  ( V e l o c i t y  in p r e s e n c e  of 
V o
e f f e c t o r ) - ( V e lo c i ty  in the a b s e n c e  of e f f e ct or )
T a k e n  from r e f e r e n c e  47
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TABLE V I I
E f f e c t s  of N u c l e o t i d e s  on A l p h a - K G D C  A c t i v i t y
E f f e c t o r
A s s a y
C o n c e n t r a t i o n
(mM)
V e f f *
Vo
C el l
C o n c e n t r a t i o n
(mM)
Ref
GMP 0 . 0 8 1.43
0 . 16 1 .49
0 . 2 4 1 .63
GTP 0 .08 1 . 17
0 . 1 6 1 .38
0 . 2 4 1.45
AMP 0 . 0 8 1.9 .08-.1 62
0 . 16 1 .7
0 . 2 4 1 .9
ATP 0 .9 0 .9 5 0 . 9 - 1 . 4 62
1 .5 0.71
3.0 0 .2 4
UTP 0 . 0 4 1 .13 0. 1 54
0 .08 1 .35
0 . 12 1 . 30
0 . 2 1 . 52
UDP 0 . 0 6 1.23
0. 1 2 1.37
0. 2 1.41
cAM P 0 . 0 0 5 1 .06 0 . 0 0 1 - . 0 7 5 62
0. 0 3 1.06
0.1 1.09
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inhi.bi.tcry when assayed at higher substrate ccncen t  r at i on s.
I f these nucl eot :i des were ;i ncubat.ed wi th the enzyme, the 
inh ib it ion  was s l ig h t ly  greater. L i t t l e  or no act i vat i on wa 
seen when AMP was present under the same conditians.
81
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I ' J Di ssc:us=si on
A. F-'u.r 1 f :i cati on
Alpha-KGDC was isolated from D. dieccjideum resulting in 
a 113 folcl pur i f i cat i on . The f i r o t  step) :i n pur i f i cat :l on was 
the isolation of mi tochondr i a, which is a common purif ication 
step for thus enzyme in other systems (3,5) . In i t i a l ly ,  th is  
was done in order to detect ac t iv i ty ,  being that i t  could not 
be oI:)served in whole cell lysates. However, addition of 
Triton k-100 to assay mixtures made i t  possible to detect 
enzyfne act i vi t y  % n who 1 e c:e 11 1 ysates and i ncreased the
a c t iv i ty  in mitochondrial preparations appreciably.
The tai.tffer of choice for resuspensi on of mi tochondri a 
was lOmM KPi (pH 7.2), 107. glycerol, 1 . OmM DTT, and 1 . OmM
TLCK (Buffer A). When i t  was discovered that Tri ci ne was a 
bcatter assay buffer than KPi, and i t  appeared that KPi 
i nh i b i t  ed enz y me ac t  i vi t  'y, mi t  ochondr i a wer e r esuspended i n 
4 OmM Tr i c i ne (3.0), 107. Glycerol, 1. OmM DTT, and 1. OmM TLCK
(Buffer C) in an e f fo r t  to compare th is  to mitochondria 
resuspended in Buffer A. The specific a c t iv i ty  of 
mitochondria resuspended in Buffer C was lower and subseauent 
purif ica tion procedures were not as successful, when compared 
t  o ÎD i t  o c h o n d r i a r- e sus p e n d e d i n B u f f e r A . A11 e m p t. !■; t  o 
sclubilizî? alpha-KGDC ac t iv i ty  in mitochondria resuspended in
82
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Buffer C resulted ;l n the d;L st r i  but :L on of enz /me acti v:i t'/ in 
bath the centrifugation supernatant and pe lle t,  following 
only one passacge through the Yeda pressure ce l l .  Suchi ■-<. 
d i st r 3. but i. on c 3 f enzyme ac t iv i ty  resulted in poor purif ication 
results, not only for th is  solubil ization step but for 
f urther purif ica tion procesdures as well. Because of such 
poor results, no further attempts were made to purify the 
enzyme comp 1 ex using Tricine as a resuspensi on buffer.
Solubi1i zati on of a1pha—KGDC activ i t  y in mi tochondr i al 
samples was not easily accomplished. Centrifugation of 
samples disruptcsd by freezing and thawing two times and 
passage through a Yeda pressure cell le f t  the enzyme ac t iv i ty  
remaining in the pelle t.  I f  the pressure at which the sample 
was passed through the Yeda pressure cell is too low ( i.e. 
IGOO p s i) or the mitochondria are passed too rapidly through 
the press, a c t iv i ty  w i l l  be present in both the supernatent 
and t  hi e p e l l  e t , t  hi u s d e p reci a t  i n g th e p u r i f i c a t  i o n.
Sol ubi1ization is  f in a l ly  accomplished after the active 
centrifugation pelle t is resuspended in lOmM KPi (pH 7.2),
10% glycerol, and 1.OmM DTT (Buffer B) and again passed 
through the Yeda pressure ce l l .  This passage was done more 
rapidly than the f i r s t  and, after centrifugation, the enzyme 
a c t iv i ty  remained mostly with the supernatant. The 
p ur 3. f i c a t  i on ranges from 2. u—4. 0 fold. Because the rate at 
which the mitochondria passes through the Yeda pressure cell 
is  d i f f i c u l t  to control and emperical in nature, this
83
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p a r t  i cu.l a r p u r :L f i c a t  ;i a n s t  ep ;L s s i.i b .j ect t  o g r e a t e r cl e v i a t  i o n 
than the cjthers.
The d i f f i c u l t ie s  involved in solubil iz ing the enzyme 
complex suggests that alpha-KGDC may be physical 1 y associated 
with the mitochondrial membrane. This may also account for 
the Triton x-lOO requi rement observed in cruder enzyme 
preparations in order to detect the ir  f u l l  enzyme ac t iv i ty .  
Similar observations have been reported for alpha-KGDC froiii 
ox heart (2). In contrast, the use of Triton x-100 is not 
required in assay mixtures for alpha-KGDC from many other 
systems (7,33,35).
The second Yeda supernatant (purif ication fraction I I I :  
Table I I I )  was adjusted to pH 6.0 with acetic acid. 
Immediately following th is  pH adjustment, 2% w/v protamine 
sulfate (adjusted to pH 5.0 with KÜH) was added slowly while 
s t irred on ice, so that the milligrams; of protamine sulfate 
added equaled the tota l protein of fraction I I I  (mg) t i  mes;
0.36. Addition of either lesss or more resulted in poorer 
p u r i f ic a t io n . After s t i r r in g  15 minutes on ice the mixture 
was centrifuged and the pe lle t was resuspended in a vo1ume of 
Buffer B equal to 0.46 times the volume of fraction I I I .  1T"ie 
resuspension volume actually depended on the total protein 
(mg) present in fraction I I I .  Thus, the resuspension volume 
was adjusted such that the to ta l protein of fraction I I I  
d i Vi ded by the resuspensi on vo1ume yie 1ded a protein 
concentrât ion of 4.5 mg protein/ml. In order to extract most
84
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of the enzyme a c t iv i ty  from the pe lle t,  the cuspenel on was 
s t ir red on ice for a minimum of 25 minutes followed by 
centr 1 f ugat 1 on . Dialysis, which 1 s: done in several 
r 63f erenced protamine sulfate ex t r  ac t  i on procedures (1,15), 
was not required for the extraction of alpha-KGDC from D.. 
d i sc: o i de urn into the supernatent fraction. I f  the amount of 
protamine sulfate added was too great or i f  the resuspension 
volume of the f i r s t  pe lle t was too low, some ac t iv i ty  
remained In the second pelle t and could be removed by 
resuspensi on of the la t te r  in a volume of Buffer B equal to 
the volume of fraction I I I  times 0.3. This suspension was 
s t irred on ice and centrifuged as above. The supernatants 
could be combined and subjected to u ltracentr1fugat 1 on, 
'/eliding a purif ied enzyme fraction that exhibited a 
stolchiometr1c reaction and havi ng a purif ication fold 
similar to that l is ted in Table I I I .
Ultracentrlfugation at a speed of 175,000 x g for 195 
minutes in a T i E30 rotor was optimal. At 180 minutes s l ight 
acti vi ty was observed in the supernatant while at 210 minutes 
the pellets could not be resuspended in buffer. At 195 
minutes the pellets were s t i l l  d i f f i c u l t  to resuspend,, 
requiring that the pe lle t be worked into solution using a 
pi pet. The resuspensi on was c la r i f ie d  In a Beckman Mi crofuge 
11 set at 13.25 for 10 minutes, divided into 10Oui fractions, 
and frozen at -50^C to be used for kinetic: analysis.
Although glutamic acid dehydrogenase and NADH ox 1 clase
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were detected in purif ica t ion fractions I - I I I  (Table I I I ) ,  
the ir  a c t iv i ty  was minimal and assumed not to interfere witti 
the detection of alpha-KGDC ac t iv i ty  in the standard enzyme 
assay. Important to note is that the concentration of NADH 
(O.OSmM) used in the assay of th is  enzyme was at a level that 
would be generated by alpha-KGDC in a typical standard assay. 
This concentration of NADH may have been below saturation 
f or g1utamic acid dehydrogenase (Km(NADH) f or g1utami c acid 
dehydrcgenas in D. discoideum is not known) which would 
expi ai n the low a c t iv i ty  of th is  enzyme. A similar 
concentration of NADH (O.ImM) was used to monitor NADH 
oxidase a c t iv i ty .  Although NADH oxidase a c t iv i ty  was high in 
assays containing no Triton x-100, assays with the detergent 
present had l i t t l e  or no a c t iv i ty .  Since Triton x-10<I' is 
present in the standard assays of fractions I - I I I ,  and since 
interference e l ic i ted  by glutamic acid dehydrogenase would be 
due only to i t s  use of NADH, the ac t iv i ty  of both these 
enzymes in the standard assay was expected to be minimal or 
nonexist ant.
The inh ib ito ry  effects of KPi, NaCl, and (NH*) made
pur if ica t ion  using methods u t i l iz in g  high concentrations of 
these salts d i f f i c u l t .  Before such inh ib itory effects were 
known, several methods which employed high salt were 
attempted. One such method, CaPÔ  gel cellulose, was used in 
a batch slurry with mi tochondr i a preparati ons . Al pha-KGDC: 
a c t iv i ty  eluted with both the 0.3M KPi and 0.6M KPi
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'solutions. In i t ia l  a c t iv i ty  af ter el ut i on resulted in a 
2.5-8.0 fold pur if ica tion; however, after d ia lysis more than 
307. of the a c t iv i ty  had been abolished. A to ta l greater than 
50’/. of the i n i t i a l  enzyme a c t iv i ty  was lost in th is 
procedure, and i t  was; thus decided not to us;e i t  as a 
purif ica tion step. P-11 phosphocellulose and DEAE-52 
cellulose column chromatography were also tr ied . These 
methods u t i l ized  KPi to elute the enzyme from the columns. 
DEAE-52 column chromatography resulted in no purif ication of 
the enzyme. As with CaPÔ , the in i t i a l  purif ication with 
P-11 phosphocel 1 ul ose column chromatogr aphy was good (2. 0-4. il' 
fo ld), but after d ia lys is and long exposure to salt, a good 
portion of the to ta l enzyme a c t iv i ty  was lost. I t  is 
possible that the presence of high sa lt ,  either alone or in 
conjunction with CaPO.», P—11 phophocel 1 ul ose, or DEAE-52 
cellulose, was inactivating alpha-KGDC by disrupting the 
complex into i t s  component enzymes. Such methods have been 
used in several systems to separate the individual enzyme's 
fr'om the alpha-KGDC (10,12,14,20).
The f ina l pur i f ica tion  fraction V (Table I I I )  is not a 
homogeneous solution of alpha-KGDC. As was indicated by 
SDS-PAGE, th is  fraction had 13 major bands, whereas a 
homogeneous fraction of alpha—KGDC would be expected to have 
only three bands. However, a noticable loss in proteins was 
observed throughout the pur if ica tion . The protein bands 
observed in fraction V that are not associ ated wi th
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alpha-KGDC may l ik e ly  be impurities wh i c:h are either of high 
enough molecular weight to pe lle t in an ultracentrifuge or 
associated in a cong 1 orner ate of some type which would allow 
them to pe lle t.  I t  is  also posîsible that these proteins in 
the purif ied sample were somehow associated with the 
alpha-KGDC i t s e l f ,  perhaps playing a role in maintaining the 
conformation of the complex, and thus pel letted along with 
the complex in the ultracentrifuge. SDS-PAGE was done only 
two times, in order to monitor the proteins present during 
puri f i cati on. Unfortunately, the gels were cracked when 
stored in cellophane, thus making them d i f f i c u l t  to 
photograph.
B. Characterication
Once an assay system for the alpha-KGDC was developed, 
the exact reaction mixture requirements were not established 
un t i l  an enzyme preparation of suitable purif ication for 
ki net i c anal ysis was avai1able. Many in i t i  al pur i f i cat i on 
experi ments were thus done using SOmM KPi (7.2) in place of 
Tricine in the standard enzyme assay. KPi was the buffer- 
used to monitor enzyme a c t iv i ty  during the in i t i a l  stages of 
enzyme p u r i f ica t io n .
Except for Triton x-100, the reaction requirements were 
similar for a l l  pur if ica tion  fractions ( i .e . ,  fractions I 
in Table I I I ) .  In fractions I - I I I ,  Triton x-100 was resquired
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■for f-i.ill acti vi "by of the enzyme, whereas i t s presence was 
inh ib ito ry  for fractions IV-V. As mentioned earl ier, 
so lub il iza tion of the enzyme complex required several 
mechan i c:al disruption procedures. Consequently, in the 
ear l ie r pur if ica t ion steps, th is nonionic de'tergent may have 
been required to solubil ize the enzyme complex in the 
reaction mixture. The inh ib ito ry  effects of Triton k- 100 on 
the purif ied enzyme may have been due to i t s  disruption of 
the complex into i t s  components, since i t  appears that th is 
complex is  lab i le , as was inferred by i t s  poor act i vi t y in 
salts. Because the concentrâtion of protein is  so much lower 
in these fractions, the detergent may have a more direct 
affect upon the complex i t s e l f .  Of course, i t  is possible? 
that Triton x-lOO also inhibited the enzyme in the cruder 
fractions but the benefits from i t s  a b i l i t y  to solubil ize the 
complex outweighed the inh ib itory  affects.
The requirement for TPP indicated th a t , at least in 
part, th is  coenzyme is not covalently attached to the enzyme. 
As seen in Table IV, the requirements for TPP and MgCl2  are 
very s im ilar. Therefore, i t  is  possible that alpha-KGDC 
binds magnesium-thiamine-PPi, as opposed to free Mg=+ and 
free TPP, as was observed in the cauliflower enzyme complex 
(5). The Km for TPP equals O.026mM in D. discoideum. In 
Asp er g i l l  us ni qer, the Km(TPP) has a value of 0.3mM (26).
Mg=®-̂  was chosen as the divalent cation for kinetic 
analysis for several reasons. F irs t,  enzyme acti v it ' /  was
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higher in i t s  presence than with C:a=+. Ca= * showed l i t t l e  or 
no tendency to activate the complex, in contrast to several 
mammali an tissue alpha—KGDCs (31,32,33) . Second, i t  had been 
used in a l l  previous assay mixtures. And, th ird , while Mn̂ '*’ 
gave high enzyme a c t iv i ty  at low concentrât!ons, i t  caused 
large absorbance changes at 340 nm when in the presence of 
Tri c i n e an d Cys- HC1.
The substrate alpha-KG appeared to stab il ize  alpha-KGDC 
(from fraction IV) in the reaction mixture. Such a stabli z ing 
affect was also observed for the alpha-KGDC from Asoeroi11 us 
n iqer (26). However, in contrast to the A. ni per enzyme 
complex, the s ta b i l i t y  of alpha-KGDC from D. discoideum is 
not also dependent on protein concentrât!on in the reaction 
mixture. Such was deduced because the protein from fraction 
V is present in the assay mixture at a much lower 
concentration than is the protein from fraction IV 
(O.0035mg/1.O ml versus 0.02S5mg/1.0 ml, respectivel y) , while 
fraction V is more stable than fraction IV. In addition, 
enzyme concentrâtion does not appear to determine the 
s ta b i l i t y  of the enzyme in thé reaction mixture, since the 
enzyme velocit ies were highest in s ta b i l i t y  experiments using 
enzyme from fraction IV, which exhibited the least s ta b i l i ty .
As pointed out in the results, the pH optimum in KPi was 
8.5 as opposed to 8.0 in Tricine. This could be attributed 
to several things including the ionic strength and the nature 
of the buffer. In addition to the difference in pH optimum,
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the a c t iv i ty  of alpha--1-:; (;i D (3 w a îe: a p p r a : ; i rn a t  e 1 y 2 X h :i g I-, e r i n 
assays containing Tricine buffer than i f  either Bi s-Tr i. s 
Propane or KPi was used. Enzyme a c t iv i ty  measured in Tricine 
buffer (pH 8.0) was similar to that observed in either Hepes 
or (51 ycyl gl yci ne buffers at pH 8.0. Examination of the 
mc)l ecul ar structures of Hep es , Gl ycyl g 1 yci ne, and Tricine 
gave no clue to why enzyme a c t iv i ty  would be higher, as no 
strong s im i la r i t ie s  existed between them that was not also 
apparent in Bi s -Tri s Propane. I t  does not appear that 
Tricine activates alpha-KGDC but, rather, that KPi inh ib its  
i t  (Figure (3), since the presence of KPi , when al pha-K(5DC is  
assayed in 80mM Tricine (8.0), was highly inhibitory. 
Increasing the concentration of KPi, either with Tricine 
present or not, decreased the a c t iv i ty  of the enzyme. The 
high ionic strength of KPi may contribute to i t s  inhibitor^' 
affects.
The differences in temperature optimums of alpha-KGDC 
assayed in 80mM Tricine (S.O) and 50mM KPi (7.2) could be due 
to several things. The major differences in these two 
buffers, which could be responsible for such a discrepancy, 
are pH and ionic strength. Also, the difference in 
temperature optimum may be due to the difference in the 
experimental methods. When Tricine satisfied the buffer 
requirement, the enzyme was not incubated at the assay 
temperature; while when KPi satisfied the buffer 
requirement, the enzyme was incubated at the a îsa'/
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temper at Lire.
C. Kinetics
Estimates of the Km values for each of the substrates 
were obtained from saturation curves (velocity versus 
substrate concentration> for CoA, alpha-KG, and NAD.
Although these curves in Figures 11,12, and 13 represent 
purif ied enzyme (fraction V) from different preparations 
(thus the discrepancy in Vmax), such velocity curves are 
si mi IarI y shaped regardless from which preparation the 
purif ied enzyme had come. Using these estimated Km values, 
further k inetic experiments were designed according to the 
method of Herbert J. Fromm (63), in which one substrate was 
varied (near i t s  Km value), while the other two substrates 
ar e he 1 d at var i ou;=; f i x ed c on c en t. r at. i on s maintained at ci 
constant ra t io .  Other steady state methods for determining 
the k inetic mechanism for a three substrate enzymatic 
reaction have also been developed by W.W. Cl el and (64) and K.
Dazi el (65). Cl el and ' s method r equi r es t!‘iat one :=;u b t.r at.e i
var i ed within an assay while another is varied between assay;
and the th ird  is held constant (at both saturating and
unsaturat i ng levels). Daziel’ s method involves 
simultaneously varying the concentrâtions of a l l  the 
substrates. For a l l  three methods, product inh ib it ion 
s t  u c! i e s: a r e u s e d t  o h e 1 p f u 11 y (i e s c r i I:) e t  in e m e c In a n i s; m.
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Fromm’ method was used not only because ping pong and 
sequential mechanisms could be easily distinguished, but 
because fewer assays were required when using th is method.
Km values were a l l  obtained from in i t i a l  velocity 
studies, as were Ki (CoA) and Ki (alpha—KG) , and are given in 
Table V. The Km values from other systems are given in Table
I. The kinetic: constants of alpha-KGDC from D. discoideum 
are not similar to any one set of kinetic constants given in 
the table. However, the Km (NAD) is similar tcD that from pig 
heart, as determined by M. Hamada (38) , and the Km(CoA) iis 
similar to that from pig heart, as determined by C. Smith and 
P.D. Garland (43,44). However, the Km(alpha-KS) from D. 
d1scoi deum (O.653mM) is  higher than any of the Km(alphaKG)
V a 1 u e s in the table. Th i s v a 1 u e, t  h o u gh , i c; with i n r e a s o n o f 
the other’ s values. I t  is worth notincj, that for each case in 
Table I, the kinetic constants are always related sucTi that 
Km(alpha-KG) > Km(NAD) > Km(CoA) (There is only one
excepti on ; in one pig heart determination, Km(CoA) is greater 
than Km(NAD) ). This re la t i onsh i p is also seen for alpha-KGDC
from D,. di scoi deum ( i.e . 0. 653mM > 0.046mM > 0.002mM). It.
has been suggested by W.W. Cl el and that an enzyme’ s Km value 
•for a substrate is a re flection of the concent ra t i  on of that 
substrate in the cell (67). Therefore, the above 
relationship between Km values may be reflected by the in 
vi VO concentrâtions of these metaboli tes. That is, the 
c e 11 u 1 a r con c e n t  ration o f alp ti a -1": (li is g r e a t  e r t  a n t h a t. o -f ■
93
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
NAD i s greater than that of CoA. The concentrât ione of these 
substrates in D. discoideum are [alpha-KG]- 0. OOGiiiM-O. 1 GmM 
and [NAD]=0. 033mti (47,62). The concentrat i on of CoA in 
Di ctyosteliurn di scoideum is  not known. These cellular 
substrate concentr at i ons are below the ir  respective l:inetic 
constants, i ndi cati ng that thie cancenti"at i ons o I- sul3str ates 
w i l l  highly influence the velocity of the reaction, and that 
the enzyme level i t s e l f  may not be the rate determining 
f actor.
Ki values were a l l  calculated using the rate equation of 
an ordered sequential Ter Ter reaction mechanism. Such 
calculations employed the in i t i a l  velocity experiments for 
determination of Ki(alpha-KG) and Ki(CoA) and the product 
inh ib it ion  experiments for determi nati on of Ki (NAD).
Ki (alpha-KG) and Ki(CoA) were calculated from in i t i a l  
velocity studies using either NAD or CoA as the varied 
substrate. Such calculations required values for a l l  
substrate Kms, Vmax, substrate concentrations, and the 
intercept or slope of the d-r plots. Determination of Ki 
values was only possible when using intercept and slope 
values from the lines obtained at the two lowest values of 
nonvaried substrates. Otherwise, Ki values were negative.
The reason for such erroneous values was not apparent. This 
values given i. n Table V for Ki (CoA) and Ki (alpha—H.G) were the 
averages of values determined from seven different 
ex peer i men t  s (12 values).
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The cal cul et 1 on of Kl (NAD), on the other hand, required 
not only the Km constants and concentrations of the 
— ub t  r a t  e , but also values of Km(COzt) , Km ( succ i nyl—CoA) ,
Ki(CQa) and Vmax, along with the slope of the intercept 
versus succinyl-CoA concentration replot from the alpha-KG 
versus succinyl-CoA primary plot. However, in order to 
determine Ki(NAD), i t  was necessary to f i r s t  determine values 
for Km(CGij) , Km ( succ i ny 1 —CoA ) and Ki ( ( COg ) . These constants 
cannot be determined ind iv idually  but as the ra t io  
Km(CO2 ) / [Km(sueci ny1—CoA) #Ki (CO2 ) 3, as they appear in the 
rate equation. Such a calculation required the knowledge of 
K i (CoA) and Ki(alpha—KG) values. Thus Ki(NAD) is dependent 
on the correct determination of these values for i ts  correct 
determinat i on.
Ki(NADH) also appears in the rate equation, and thus, 
i t s  value must be determined in order to define the rate of 
the reaction numerically. Ki(NADH) was determined from the 
NADH product inh ib it ion  experiments in which the 
concentrâtion of either alpha—KG, NAD, or CoA was varied. 
Values for Vmax, Km(alpha-KG), Km(NAD), Ki(CoA), and 
Ki(alpha-KG) were a l l  required for i t s  determination.
Replots of either the slope or intercept versus NADH 
concentrâtion yielded the necessary slope and intercept 
values from th is  replot, in order to calculate this value.
As with Ki(alpha-KG) and Ki(CoA), Ki(NAD) and Ki(NADH) values 
were the averages of many calculated values from several
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experi ments, as well as, from d if ferent methods of 
calcul a t i on.
The Ki(NADH) determined for alpha-KGDC from D.
:i s lower than that reported from pi geon breast 
(Ki =0.U45mM) <36) and higher than that reported from pig 
heart (Ki-0 .004SmM) (43). While the Ki (succinyl-CoA) from
the D. discoideum enzyme complex was not determined, that 
reported from pigeon breast equals 0.02mM (36) and that from 
the pig heart complex equals O.0069mM (43).
Although the kinetic constants of alpha-KGDC from 
Di ctyosteli urn discoideum do not vary considerably from those 
reported from other systems, the kinetic mechani sm does. 
However, few i n i t i a l  ve locit ies studies have been done 
specif ica l ly  to determine the kinetic mechanism of alpha-KBDC 
(26,37,38). A hexa uni ping pong reaction mechanism or the 
similar three s ite  pi ng pong mechanism have been established 
for alpha-KGDC from pig heart and Aspergillus ni ger(26.38). 
and has been proposed for the pigeon breast muscle enzyme 
complex (36). In addition, i t  is not unusual to see th is 
enzyme complex referred to as having a ping pong mechanism, 
because of i t s  s im i la r i t ie s  to the more extensively studied 
pyruvate dehydrogenase complex (PDHC) (26,18). Such a
mechanism implies that after binding of each of the 
s Li b s t  r a t  e a p r o d u c t  i s r e 1 e a e d . T h u a 1 p h a - K (li b i n d s f i r s t., 
fallowed by CDs: release; CoA binds second, followed by 
succinyl-CoA release; and then NAD binds last, f o l1 owed bv'
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NADH re l ease. Con-f 1 i c: 11 ng result^ were observed by Ottoway 
and MeMinn for alpha-KGDC from pig heart (37). In this 
proposed mechanism, only al pha-KG, which is followed by COi-: 
release, binds in a ping pong manner. However, the binding 
of the remaining substrates, and the release of succinyl-CoA, 
occurs in a random fashion. I t  is  also important to note 
that alpha-KGDC from several systems exhibits cooperative 
type kinetics and thus a reaction mechanism cannot be defined 
as such (7,20,31).
As described in the introduction, the events involved in 
catalysis by th is  enzyme have been unraveled (17,22,24). 
However, because of the difference in kinetic mechanisms, a 
s l ig h t ly  d if ferent scenerio must exist for the Dictyostel ium 
alpha-KGDC than those previously proposed (18). In D. 
di scoi deum, CoA binds f i r s t  to the 152 core of the complex., 
followed by the binding of alpha—KG to El and NAD to E3. 
Assuming that the prosthetic groups CTF'P, Lipoic acid, and 
FAD) are involved in catalysis, then following CoA binding, 
alpha-lCG binds to the thiazole ring of TF'P forming an 
alpha—hydroxy1 butanoic acid derivative of alpha-KG. This is 
decarboxylated and the succinyl group transferred to a l ipo ic 
acid moiety of E2. However, since CO» is the second product 
released in the sequence, i t  is  not released from the 
complex upon i t s  formation. Thus somehow COg remains bound 
to the complex, possibly in a pocket formed by the 
conformait ion of the El component or by some form of steric
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h i. nder ance caused by the posit icning of the lipoic: acrid 
maleties. The succinyl group, now attached to a l ipo ic  acid 
(Ticsiety, reacts with CoA and succ i nyl -CoA is liberated. This 
is followed by the release of CÔ;. The fu l ly  reduced lipoic: 
acid now donates i t s  hydrogen atoms to FAD, which in turn 
del 3. vers them tcD NAD, which bcDuncj to E3 somet i me between 
alpha-KG binding and succi nyl-CoA release. NADH is then 
released to complete the catalytic: cycle. This, though, is 
only one possible description for th is  ordered sequential Ter 
Ter reaction mechanism.
PrevicDus reaction descriptions of alpha-KGDC from other 
systems employ the use of the l ipoyl moieties to rotate 
between cata ly t ic  sites thus linking together the reactions 
c a t a I V s e d la y t  h e t. hr e e s e a r a t  e e n z m e . Such a rot at i o n o f 
lipcDic: acid moi et i es c:oul ci acc:ount for the ciel ayed liberaticcn 
■of C0%, i f  these were responsible for bloccking i ts  rel ease.
D . P. e g 1.11 a t  i on o f a 1 p h a - !<:G DC:
The a c t iv i ty  of alpha-KGDC increased in mi t  ochccndr i a 
isolated at d if ferent stages from amoebae to soracarp, 
thrcjughout the l i f e  cycle of Dictyostelium discoideum. The 
largest increase in act i , i ty occurred between the am cet'a and 
acjgregat i on stages, while the increase from aggregation to 
c u 1 m i n a t  i on w a ■:=; n o t. s o h i g h . (3n e p o s: i b 1 e e: : p 1 an a t i on f oi- a r
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increase in a c t iv i ty  is that i t  may be due to the degradat:. on 
and OK :L dation of non—en :( y me protein over the cour!=;e of 
d i f fe ren t ia t ion . Since the total protein drops nearly 50% 
over the course of d if fe ren tia t ion  (45), i t  is possible that 
the loss of non-enzyme protein is reflected in the increased 
specif ic a c t iv i ty  (units per mg protein) of alpha-KGDC. In 
addition to the change in protein concentration, the effector 
studies indicated that many of the TCA cycle intermediates 
enhanced the a c t iv i ty  of th is  Di ctyosteli um enzyme, in 
contrast to the inh ib itory  effects they had on the (an z y me 
complex from A. ni ger (26). These intermediates increase in 
concentr at i on throughout (d i f f (ar (an t  i at i on , thus possi bl y 
enhancing alpha-KGDC a c t iv i ty  over the same time period.
How (a ver , t  I’l e i n c r (a a se i n T C A c y c 1 e i n t  e r (li (a (i i a t (a s oc c i.i r s 
mostly over the last 300 minutes in d if ferentia t ion, and is 
th(2 refor(a (.inlikely to b(a r (asp on si bl (a for th(a 1 ar(](a di f f erxancxa 
in specific ac t iv i ty  observed between amoebae and aggregation 
stages. Other passible explanations of an ac t iv i ty  increase 
D'/er d i f f er en t  i at i on are : 1) gene activation, 2) unmasl;ing
0 f t. h e e n z y m (a, 3 ) p r e ;=; e n c e o f a d i f f e r e n t. a c t. i v a t o r ( 'S ) , a n d 
4) loss of an inhibitor. Further investigation is required
1 n o r (d (ar t  o v (a r i f y a n y o f- t h la !=; (a )a o i !;; i 1 i t i (a s.
Although the effector st Lid i es were not very ex ten si '/e, 
i t  :i s apparvant that several non substrate (niat abol i tes effect 
t In e a c: t  i. ■ / i. t y c f a 1 pha - K G D C f r a m D i c t v o stel i u m d i. s c: O' i. d eum, A 
obs(arved with alpha-KGDC from sevvaral oth(ar s'/stxams, this
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enzyme from DJ,_ot_ yos t el i um i e et r on g I y  af footed by the adenine 
nue .1 eat :i des. Sucii affects were observed when the substrata;: 
w e r e present j. n the a s e a y a t concent r a 11 c; ns ne a r t h e i r  
cel :l ul ar level s. GMP, G TP, UDP and UTP al so effected enzyme 
activ ity  but not to the ex tent that AMP and ATP did, ATP 
i n 1-1 :L b;L ted t!'ie en::'/me 7B% at a cancen11"ati on of 3.0mM whi ;L 1 e 
AMP enhanc:ed aoti' / ity by 90% at O.OBmM.
The adenine nucleotides are !-:nown to effect the; 
alpha-KGDC in many systems. In many oases, these nucleotides 
e l ic i ted  the ir  affects on the IH1 component of the enzyme 
ccmplex, thereby, affecting the binding of
al |Dha-l<G (30, 34, 35 ) . In general, ATP increased the !<m for 
a], pha—I"'G and AMP decreased this value. However, the ex act 
nature of- the adenine nuc 1 et i de influence!-; on th is enzyme 
from D. d i scoi deum was not determined. GMP, GTP, UDP, and UTP' 
a l l  had act i vat. i ng effects on alpha-KGDC when present in neau- 
0 el 1ular concentrations. However, unlike the adenine 
nucleotides, the phosphor yl ati on state of these nucl eot :i dec: 
di d not appear to be si gn i f i c ant.
In Di c t  Vost e 1 i u.m ü i sc oi deum the concen t r  at i on of ATP 
increases and the concentration of AMP decreases over the 
last :'00 minutes of d i f fe ren tia t ion  (63). Such a 
roncentration change in these adenine nucleotides may inh ib it  
a 1 p I", a—I ( G D C i n v i o o v e r t  l*i i -s p e r :L o d i n cl i f f e r e r; t :l a t  i o I'l, 
Therefore, such inh ib ito ry  affects on alpha-KGDC could 
possi bl',' account -for the increase in al pha-KG concentr at :i on
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w i-i i c; h w a s o b served c] ■ / e r t h i s s ame t  i. me per i e d i. n D.
47̂ ) . However, :i t io a.l so possible that, suich 
changes i. n adenine nucleotide concentr at i ans are not a 
ref 1 eot :l on of the ir  concentr-at i ons in the mi-tochondr i .a.
In contrast to the changes in nucleotide concentrât i ons, 
the concentrât i ons of TCA cycle :i n termed! at es increase over 
th is 300 minute per i od in d i f f  er en t  i at i on (47) and thus would 
tend to activate the enzyme cample:-:. However, i t  is al so 
possible that the increase in the TCA cycle intermediates 
occurs in -the cytosol i c portion of the cell and e;chibits no 
s ign if icant positive affect on alpha—K6DC in vivo.
I t  is apparent, that the i n vi vo regulation of alpha-KGDC 
from D. discoideum entails many aspects of metabolism.
I- :i r s t , t  h e c o n c e n t r  a t :i o n s o -f• i "b s s; u b s; t r- a t  e s w il l  d :L c t  a t. e;, i n 
part, the enzyme's a c t iv i ty  at the reaction level, since 
the ir  ce l lu la r concentrations are below their respective Km 
a 1 Lies. In addition, the reaction may be influenced by the
inh ib ito ry  affects of NADH, since i t s  Ki value is near the 
c el 1 ul ar 1 evel of th i s metabol i t  e. Succi nyl -CoA ma y al --o 
in h ib i t  the reaction. Second, the en erg'/ level of the cell
may influence the act i -vit y of alpha-KGDC. When the energy 
level is high, ATP is prevalent and the tendency is to 
inh ib i t  the enzyme, making alpha—KG more available for other 
metabolic cperati ons. On the other hand, at low cellu lar 
ener g y ]. e v e 1 s, alpha-K G D C w i 1 ]. be a c: t  i a ted, th u s p r o d u c i n g 
more NADH te b)e uti 1 i ::ed f or AT F' s'/nt.hesi s via o;; i d a ' t  :i'/e
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phosphorylation. Third, GMP, GTP, UDP, and UTP. important 
metabol :i tes :i n several metabolic processes, activate this 
comploM. However, i t  is unclear exactly how the correlation 
!:;■ e t w e e n a c 11 v a 1.1 o n a n d t !i e p) r e s e n c e o f t'. Ii e s e n u. c 1 e o t ;i d e s a r e 
linked. I- our th , the TCA cycle intermediates increase the 
activ ity  of the comp1 ex. Thus as these metabolites 
accumulate, they enhance a reaction which will assist in 
t h e 1 r d e g r e d a 11 o r;.
E. Modeling the TCA cycle
The goal of th is  research was to ki net i cal1 y 
c hi a r act e r 1 z e a 1 i:î h a—1< GDC f ro  m t h ta c e 11 u 1 a r s; lime m o 1 d ,
Diet -/ost e l i  um disc o i deum. in order that i t s  kinetic constants 
and rate equation may be us tad in a metabolic model of the TCA 
cycle. Construction of metabolic models can be quite useful 
to our t.inder standi ng of meat abol ism in 'vivo. by helping one t c 
integrate and comprehend large amounts of data. The model of 
t  hi ta TCA c Y c 1 e c u r r e n 11 y Id ta i n t:i d e '/ e 1 op e d i s a t r zi n <=; 11 i o n 
model, which can be employed to integrate, over time, data on 
mtatabol i c concentr ati ons , fluxes, and enzyme mechanisms.
A steady state model (previ ousi y described) of the TCA
eye 1 e in D. di scoi deum has alreaidy been constructed. and has
1ed to the following conclusions: 1) ATP f 1ux = SmM/minute,
2:* fumarate and mal ate are compartmental i zed between c c  1 e
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and non-cycle poolc in a 1 :5 ra t io , while c it ra te  ie 
CDmpartmonta.l :i ;iod :in a 1:10 ra tio ; and succi nate appear!:;, tc: 
e:<iet in three pool e, 3) exchange between c itra te  pool e i s
low, having a value of 0. OOO'l'mM/mi nut e, and th is value :L s the 
same for the f lux between fumarate pools; the ex change 
between mal ate is  higher, being 0.004mM/minute, and 4) the 
reaction for glutamate to alpha-KG occurs at a rate about 15X 
that of the cycle f 1ux. (45).
This steady state model of the TCA cycle serves as a 
basis; for the construct! on of the transition model. In i ts  
simulation of the cycle over d i f f  er en t  i at i on, the model must 
include the accumulation of the cycle intermediates and 
related metabolites involved. I f  the entire period of 
d i f fe ren t ia t ion  is  modeled, then the change in f 1ux through 
the cycle (i . e 0% consumption) must also be simulated.
However, since Oz consumption is constant over the last 300 
minutes of d i f fe re n t ia t io n , i n i t i a l  modeling attempts can 
begin with th is  period, where only changes in metaboli te 
concentrati ons, and not cycle f lux, must be accounted for 
(45). As previously determined by Wright and Emyanitoff, 
construction of a transit ion model of th is  period requires 
that two conditions be met in order to observe such an 
accumulation of metabolites. These are: 1) flux; from
protein to ami no acids must have a 6X increase over the 
V a. 1 :.ies d et er-mi n ed f r om t h e t  eady  s t  at e c ond i t  i o n a n d 2  ' 
the conversion of ami no acids to cycle intermediates, and the
1 0 3
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reactions within the cycle, must be inhibited to near i y t'-ie 
same? extent (45) . As already discussed, i t  is possible that 
the reaction catalyzed by al pha-KGDC may be i nh:i bi ted by ATP 
over th is  same period. This inh ib it ion  can then aooc'unt for 
t  h e a c c u m u 1 a t  i o n o f a 1 p h a—1<! G o b s e r v e d i n t  h i s; s y s tern.
In development of th is  model, the computer program 
MET AS IM w i l l  be used. This; program employ's the rate 
equations of the enzymes involved in the TCA cycle and any 
known inh ib ito rs  or effectors of these enzymes. At present 
the majority of the TCA cycle and related enzymes from the 
slime mold have been k i net i ca l1 y characteri zed. These 
enzymes, along with the ir  kinetic mechanisms (which defines 
the rate equation), inh ib ito rs  and effectors, and other 
k i neti ca l1 y pertinate information, are l isted in Table IX. 
Upon completion of the kinetic characteri zation of succinate 
dehydrogenase, which is currently in progress, the model may 
be finalized.
Several interesting features exist in the 
characteri s t i  cs of the TCA cycle and related enzymes, as 
compared to other systems. In general, the enzymes from 
Dictyostelium discoideum involved in the TCA cycle, appear to 
be? less regulated that those from other s'/stems. For 
i n stance, c i t ra te  synthase is a ke'/ regulatory' enzyme in many 
s'/s terns, being inhibited by ATP and NADH. However, in 
D i c t  y o !=; b e 1 i u tn, th is  enzyme shows a lack of regulation, whiere 
i t  is  not effected by either of these metabolites.
104
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Tricarboxylic Acid Cycle and Related Enzymes from D. discoideum
3CD
8
ci-
3 "
i
Enzyme Km
(mM)
K i
(mM)
Inhibitors/ 
Ef lectors
Enzyme
Mechanism
in vitro 
Enzyme ^ 
Activity
Ref
3CD
T l
C3.
3 "CD
Citrate
Synthase
0AA^=Q.007 
AcCoA =0.01 AcCoA=0.il A c C o A ( “ )
Rapid equibibrium 
ordered BiBi with 
Dead end EBQ
220mM 
m i n . 50
CD■D0 Q. 
C
1
Isocitrate
dehydro-
geraase
IS0^=0.13 
NAD=0.34
180=0.13 
NAD=0.34 
NADH=0.02
NADH(-)
Rapid equilibrium 
ordered BiBi 2.02mM 
m i n . 52
3■o
o
3 "
CT
1—H 
&  
g
Alpha-
ketoglutate
dehydro­
genase
2KG®=0.652
NAD»0.046
CoA=0.0023
2KG=0.651 
NAD=0.168 
CoA=0.0032 
NADH=0.013
NADU^;) 
A T P y  /  
AMP'*'
Ordered Sequential 
Ter Ter 1 .32mM 
m i n .
g
O
5-
%
3
Malate
dehydro­
genase
Malate=l.33
NAD=0.10
0AA=0.27
NAD=0.31
NADH=0.04
NADH"
OAA
Iso-ordered 
Bi Bi
220mM 
m i n . 51
C/)
c/)
o'
3
Mal ic 
Enzyme
NADP=0.01 Aspartate(+)
Glutamate(+)
Allosteric 46
Fuma ra te( + )
Succinate(+)
Citratfc{+)
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CD
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■ D
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C
a
O3
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O
CD
Q.
■D
CD
C/)
C/)
Enzyme Km 
( mM)
Ki
( mM )
Inhibitors/ 
Ef factors
Enzyme
Mechanism
in vitro Ref
Enzyme
Activity^
Pyrurate
dehydro­
genase
Py r ^ = 0 .14 
C o A » 0 .008 
NAD=0.110
NADH=0.049
AcCoA=0.024
NADH‘_
AcCoA
Multi-site 
Ping Pong 0.38mM 53 
m i n .
Glutamate
dehydro­
genase
Glu®=2.0
NAD=0.2
NH3=3.0
NADU=0.025
NADH”
NH3;
AMP^
ATP.
ADP
Unknown 1.27mM 49 
m i n .
Alanine
Trans­
aminase
Ala =0.43 
al p ha-KG=0.19
Steady state 
Ping Pong
20,9mM un- 
min published 
data
Aspartate
Trans­
aminase
Asp =0.46 
a l p ha-KG=0.33
Steady State 
Ping Pong
51.8mM un- 
min published 
data
I^Enzyme ac tl vi ty=Micromoles per minute per packed cell volume 
OAA=oxaloacetate 
^AcCoA=acety1-CoA 
ISO=Isocitrate 
^2KG=alpha-ketoglutarate 
Pyr=pyrurate 
®G1u=Glytamic acid 
. Ala = alanine 
Asp = aspar La te
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Si mi :l ar 1 y , i soci t r  ate (d e li '/ (d r o g en a s e from ot her systems ;L s 
under al 1 coster i c ciontrol , having the positive al lost eric: 
effectors AMP, ADP, and c i t ra te  (52). In Dictyostelium. this 
enzyme shows no evidence of a l loster io  control or effects 
from AMP, ADP or c i t ra te .  Howeyer, th is  enzyme is inhibited 
by NADH. In addition, the pyruvate dehydrogenase complex 
(PDHC) of the slime mold is not regulated by a 
phosphorylation~dephosphorylation mechanism as was observed 
in many other systems (53). This observed lack of regulation 
is  not uncommon in Di ctyosteli um. as i t  has also been 
observed for phoshofructoki nase, an enzyme which is 
a l l  oster i ca l1 y regulated in other systems, but not in the 
slime mold (66).
On the other hand, the specific a c t iv i ty  of PDHC is low, 
in comparison to other TCA cycle and related enzymes of D. 
d i scoi deum (Table IX) . This suggests that the amount of PDHC 
present may be rate l im it ing  to the flux through the TCA 
cycle (53). In vivo studies have also indicated that the 
f lux of the PDHC reaction is low (0.24mM per minute per 
packed ce ll volume). In addition, ce llu lar levels of 
pyruvate (47) are comparable to the Km value for th is 
substrate. Malic enzyme may also play an important role in 
regulation of the TCA cycle (46). This enzyme is thought, tc 
be essential to the complete oxidation of protein in 
conjuncti on wi th the TCA cycle in D. discoideum. In 
addition, i t  is a l1 oster i ca l1 y regulated with i ts  ac t iv i ty
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l3 (9 i n g posi t  i vel y e-ff(9ctt9d by asp art at (9 , gl ut am at (9 , succi nate . 
■fumarate and c i t ra te .  Hence, metabolites which require i ts  
ca ta ly t ic  act i  v i  ty for the ir  com pi et (9 o k  id at ion, stimulate 
th is  enzyme. Because they are potentia l ly  more sensitive to 
the ir  surroundings and more rate l im it ing  than the other 
enzymes of the TCA cycle, malic enzyme and PDHC may act in 
conjunction with each other, or separately, in regulating the 
oxidation rate of ami no acids and the f 1ux through the cycle.
I t  is interesting to note, that of the TCA cycle and 
related enzymes, only alpha-KGDC and glutamic acid 
dehydrogenase appear to be regulated by the concentrations of 
ATP and AMP in the c e l l . Thus, these enzymes may also play 
an important role in regulation of cycle ac t iv i ty .  Both of 
these enzymes were effected s im ila r ly  by the adenine 
nucleotides. That is , ATP inhibited and AMP activated these 
enzymes. Therefore i t  appears that f lux of amino acids into 
the cycle at alpha-KG (via glutamic acid dehydrogenase) and 
the f lux through the alpha-KGDC reaction may be important 
control points of the cycle because i t  is regulated by the 
energy level of the ce l l .  At low energy levels, the effect 
would be to stimulate flux of the cycle, thereby generating 
more ATP. While at high energy levels, the reverse effect 
would be observed, thus making alpha-KG and amino acids more 
available for other metabolic processes.
The oxidation-reduction state of NAD could also be am 
important parameter in TCA cycle regulation. Not onlv is MAD
108
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
a substrate for several of the cycle a n d  related enzymes, but 
MADH Inh ib its  at 1 east f ive  of these enzymes. Therefore, not 
only is aval 1 abi 1 i ty of a single metabolite important, to 
cycle f lux, but the concentrâtion of i t s  reduced form NADH, 
as an inh ib ito ry  product in these reactions. These e n z y me s 
are inhibited by concentrations of NADH near or below the 
concentration of NADH found in the cell (0.04mM) (45). Thus
i t  seems that the ox i dati on-reduct ion state of NAD may pl ay a 
regulatory role in the TCA cycle.
I t  is obvious that the regulation of the TCA cycle in D. 
di scoideum is  quite complex. Therefore, to integrate the 
available information, modeling is c r i t ic a l  in order to 
in terpret the complex and interdependent events which occur, 
and to help reveal important information on the many rate 
l im it ing  events controll ing energy metabolism in vivo.
V. Summary
Alpha-KGDC was isolated from D. discoideum using several 
methods applied to the pur i f i cati on of th is  enzyme f rtüm other 
systems. They include: isolation of mitochondria,
so lub i l iza t ion  of the complex using a Yeda pressure cell (not 
general 1 y used in other systems), protamine sulfate 
ex t ra c t i  on, and u ltracentr i fugation . Solubilization of the 
complex is somewhat d i f f i c u l t .  Thus i t  was suggested that
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the comp 1 ex may somehow toe assoc:i ated w:ith the mi tochondr ia:l 
membrane. The tota l pur if ica tion  was 113 fold,
Al pha-KGDC assay requirements included TI"'P, Cys-HCl and 
MqCl» along with i t s  three substrates, for ooti mal activity.
En addition, the buffer requirement was f u l f i l l e d  by Tri ci ne, 
which gav€? much higher enzyme a c t iv i ty  than either KPi or 
Bi s-Tr i s Propane. The optimum pl-4 in Tri ci ne was B.O and the 
optimum temperature was 25®C. Triton x-100 was required for 
f u l l  a c t iv i ty  of alpha-KGDC in the cruder enzyme 
preparations, while i t  inhibited the ac t iv i ty  of enzyme 
extracted by protamine sulfate or in the final 
u ltracentr i fugat i on pel 1 e t .
Kinetic analysis of the enzyme complex was done 
according to the methods of H.J. Fromm (63). This, along 
with product inh ib it ion  studies, led to the conclusion that 
a].pha-KGDC from D. discoideum has an ordered sequ€?ntial Ter 
Ter reaction mechanism. The Km and Ki values were 
determined, and can be used to define the rate equation 
numeri ca l1 y.
In addition to inh ib it ion  by i ts  products, NADH and 
succinyl“ CoA, alpha-KGDC was affected by several nonsubstrate 
metabolites. Most importantly, these include the nucleotides 
AMP (an activator) and ATP (an inh ib i to r ) .  Hence, i t  was 
suggested that th is  enzyme is regulated, i n yj_y o, by the 
energy 1 evel of- the ce l l .  Other effectors of alpha-KGDC 
irtclude: the TCA cycle intermediates, GMP, GTP, UDP, and
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UTP, a l l  of which e l ic i ted  positive effects upon the enzyme. 
The amino acids tested and cAMP had no affect c:n enzyme 
acti vi t y .
The information obtained from th is  study i l l  be used in
development of a transit ion model of the TCA cycle in the
ce11u1ar slime mo1d, Dietyosteli um di scoideum. Such a mode1 
simulates in vivo metabolism in a system undergoing a 
trans it ion , such as d if fe ren tia t ion . Once the model is 
complete, i t  w i l l  be possible to assess the events important;
to the regulation of th is  cycle.
I l l
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